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1. Introduction 
1.1. Motivation 
In the past decade there has been a growing interest in one-dimensional (1D) 
nanostructures, such as nanowires, nanotubes and nanorods, owing to their size-
dependent optical and electronic properties and their potential application as 
building blocks, interconnects and functional components for assembling 
nanodevices 1, 2. One of the ways to obtain such architectures is a template-
directed synthesis which is practically a straightforward route to 1D 
nanostructures 2, 3, 4, 5, 6, 7, 8.  
In this approach, the template simply serves as a scaffold, within (or around) 
which a different material is generated in situ and shaped into a nanostructure 
with its morphology complementary to that of the template. A variety of templates 
have been successfully demonstrated with notable examples including step 
edges present on the surfaces of a solid substrate; channels within a porous 
material; mesoscale structures self-assembled from organic surfactants or block 
copolymers; biological macromolecules; and existing nanostructures synthesized 
using other approaches. When the template is only involved physically, it is often 
necessary to selectively remove the template using post-synthesis treatment 
(such as chemical etching or calcination) in order to harvest resultant 
nanostructures. In a chemical process, the template is usually consumed as the 
reaction proceeds, and it is possible to directly obtain the nanostructures as a 
pure product. It is generally accepted that template-directed synthesis provides a 
simple, high-throughput, and cost-effective procedure that also allows the 
complex topology present on the surface of a template to be duplicated in a 
single step. 
Currently existing nanowires are immediately useful as templates (physical or 
chemical) to generate nanowires and other types of 1D nanostructures from 
various materials, some of which might be difficult (or impossible) to directly 
synthesize as uniform samples. In one approach, the surface of these nanowires 
could be directly coated with conformal sheaths made of different material from 
coaxial nanocables. Subsequent dissolution of the original nanowires would lead 
to the formation of nanotubes. For instance, the sol-gel coating method has been 
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examined as a generic route to coaxial nanocables that may contain electrically 
conductive cores (made of metals) and insulating sheaths (in the form of 
amorphous silica or other dielectric materials) 9. Fig. 1 shows a TEM image of a 
typical sample of Ag@SiO2 coaxial nanocables obtained by coating silver 
nanowires with silica derived from a sol-gel precursor. 
CNTs have been exploited as another type of physical template to generate 
nanorods or tubes from many materials 10, 11, 12. For example, CNTs have been 
explored to fabricate metal nanowires through direct vapor evaporation 11. Since 
CNTs as long as half a centimeter have already been synthesized, this approach 
can be, in principle, adopted to fabricate relatively long nanowires from a rich 
variety of materials.  
 
Fig. 1. TEM images of Ag@SiO2 coaxial nanocables that were prepared by directly 
coating silver nanowires with amorphous silica sheath using a sol-gel method 9. 
A number of solution-phase reactions have also been demonstrated to 
transform currently existing nanowires into 1D nanostructures with other chemical 
compositions. For example, free-standing nanowires of noble metals (e.g., Au, 
Ag, Pd and Pt) could be prepared through a redox reaction which usually involves 
an aqueous solution containing metal ions (e.g., AuCl4
-, Ag+, PdCl4
2- and PtCl4
2-) 
and a polymer substrate. Using a similar approach DNA molecules have been 
employed for the fabrication of conductive nanowires. For instance, one single 
DNA molecule has been connected to two golden electrodes and further covered 
with metallic silver 13 (Fig. 2 A, B). Some polymer molecules can also serve as 
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rigid rod templates for the preparation of conductive materials. For example, in 
one work 14, 15 authors used single molecules of negatively charged synthetic 
polystyrene sulfonic acid (PSA) to grow continuous conductive polypyrrole (Ppy) 
nanowires (Fig. 2 C, D). 
 
Fig. 2. A, B - DNA covered with silver 13; C, D - PSA covered with Ppy 14. 
In the current work, utilization of the molecular bottle brushes as templates is 
proposed for fabrication of conductive nanorods. Their non-spherical 
macromolecular geometries and lengths up to a few hundred nanometers allow 
to apply these structures in nanowire synthesis. The variety of molecular bottle 
brush architectures and their composition allow finding appropriate conditions for 
the preparation of conductive materials. Moreover, ability of the brushes to 
assemble on the surface under certain conditions 16 provides their usage as 
building blocks for preparation of complex conductive networks. 
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1.2. Goals 
 
In this work two main goals were pursued. Firstly, to deepen the knowledge 
in the synthesis of molecular bottle brushes, and to investigate their behavior on 
the surface. Secondly, to explore the application of the brushes as templates or 
building blocks for the formation of conductive nanowires. 
Molecular bottle brushes are usually synthesized by the “grafting from” 
approach, which appeared to be one of the easiest ways to obtain the desired 
brush macromolecule. This method, however, can only be used in a small variety 
of brush architectures, namely, homopolymer or randomly mixed copolymer 
brushes, whereas it cannot be applied easily to the synthesis of heterograft 
molecules (Fig. 3). 
 
Fig. 3. Schematic representation of homopolymer, random, and heterograf bottle 
brushes. 
The “grafting to” approach, on the other hand, can help in resolving these 
difficulties, but unfortunately it is not thoroughly investigated, and there is no 
straight technique of molecular brush synthesis by using this approach. 
Developing this method further could bring a big variety of new architectures of 
macromolecules and broaden the possible ways of achieving their desired 
structure. In this work we propose two methods of molecular bottle brushes 
synthesis by the “grafting to” procedure and compare them to the known “grafting 
from” approach. 
On the other hand, polymer bottle brushes, as a type of high molecular 
weight graft polymers with very dense and regularly spaced side chains, are 
significantly large, and thus can be viewed using SEM, TEM 17, and even 
CryoTEM 18. They possess an interesting worm-like structure due to the high 
steric crowding of side chains 19. Therefore, in this work we use the visibility of 
bottle brushes, combined with the stiffness of their structure, to report the study of 
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IPECs formed by oppositely charged polymer bottle brushes by AFM and 
CryoTEM (Fig. 4). 
 
Fig. 4. Two probable ways of PEC formation after mixing molecular bottle brushes. 
Moreover, polymer bottle brushes, due to their size, can serve as a class of 
templates for generating supported 1D nanostructures. In this regard, polymer 
macromolecules, the surface of which can be conveniently covered with some 
other materials, could be exploited as a basis for fabricating nanowires. Here we 
use molecular bottle brushes as templates for the preparation of conductive 
nanorods and develop a new technique to measure the conductivity of one single 
molecule (Fig. 5). 
 
Fig. 5. Schematic representation of the brush between two electrodes. 
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1.3. Outline 
The thesis is divided into 5 major chapters. 
In Chapter 1 a general introduction to the present work is given and the 
goals of the work are discussed. 
Chapter 2 provides an extensive theoretical background on the classification, 
synthesis and physical properties of molecular bottle brushes. Their 
conformations and behavior on the surface as well as modification of the 
backbone and side chains are described, with a particular emphasis being put on 
the process of conductive nanowire fabrication.  
Chapter 3 describes characterization techniques and materials used in the 
present work. 
Results and discussions are presented in Chapter 4, which can be divided in 
three major parts: (i) new ways of molecular bottle brush synthesis, (ii) 
investigation of the morphology of polyelectrolyte complexes consisting of 
molecular brushes and (iii) fabrication of nanowires using molecular bottle 
brushes as a template. This work was the result of a continuous research, where 
the acquired results raised questions and led to new ideas. Therefore, for each 
system, a short motivation part is included, where the main questions and goals 
are stated. Technical details on the polymer synthesis and sample preparation 
are then given, and the results are presented and discussed. All the important 
observations and conclusions are then summarized. 
Finally, the conclusions of this work and the possible further investigations as 
well as potential applications are presented in Chapter 5. 
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2. Theoretical background and literature overview 
2.1. Introduction 
 
Proteoglycans are polyelectrolyte brush-like macromolecules, which were 
found in different places in the human body performing different important 
functions from cell signaling and cell surface protection to joint lubrication and 
lung clearance 20, 21. They exist either as monomers or as aggregates and consist 
of a central protein core with multiple sulfated glycosaminoglycans bound to it 
(Fig. 6). 
a b c
d
  
Fig. 6. Structure of a proteoglycan aggregate in cartilage: (a) TEM picture of the 
aggregate; (b) protein backbone with glucosaminoglycan side chains; (c) chemical 
structure of the disaccharide repeating unit of the side chains; (d) scheme of a 
proteoglycan aggregate 22, 23, 24. 
Proteoglycans act as water sponges in cartilage controlling its shock 
absorption and lubrication properties 24, 25. Another prominent example of the 
proteoglycan biological functions is the mucociliary clearance of lung airways, 
which is largely controlled by viscoelastic properties of mucus composed of 
various types of glycoproteins and proteoglycans 26, 27. It is generally believed 
that the functional properties of proteoglycans are a direct result of their brush-
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like structure that ensures dense packing of functional glycosaminoglycan groups 
along the protein backbone (Fig. 6).  
As a result, biological brushes have inspired the synthesis of polymers with 
similar architectures 28. These synthetic counterparts are known as cylindrical 
brush polymers or molecular bottle-brushes due to their appearance. They can 
be considered as synthetic substitutes for natural proteoglycans in order to 
understand their architecture-property relationship, which can lead to the 
development of new biomaterials. 
Molecular brushes are a special type of graft copolymers in which multiple 
polymer chains are grafted to a linear polymer (Fig. 7). The main chain is 
commonly referred to as the backbone and the branches are the side chains. If 
the length of the backbone is significantly longer than that of the side chains, 
intramolecular excluded volume effects cause the polymer to adopt a cylindrical 
shape with the backbone polymer in the core from which the side chains emanate 
radially (Fig. 7). 
 
Fig. 7. Schematic representation of molecular bottle brush. 
Conversely, molecular brushes with backbones having the length in the same 
order as the side chain length generally adopt compact, spherical dimensions 
that resemble star polymers. Due to densely grafted side chains on a linear 
polymer main chain, molecular brushes can be imaged as single molecules by 
AFM. 
Depending on the chemical composition of the side chains, the architecture 
of molecular brushes can vary, being densely or loosely grafted, having flexible or 
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stiff side chains and backbone, being homopolymers or copolymers (Fig. 8). Each 
of these variables affects the properties of molecular brushes, but it is the 
relatively dense grafting that has the greatest effect on the conformations and 
properties of brush polymers.  
 
Fig. 8. Various branching topologies and chemical compositions of molecular bottle 
brushes. 
Steric repulsion between densely grafted side chains enhances the stiffness 
of the backbone, hinders overlapping and entanglement with the neighboring 
macromolecules, and promotes ordering 22. 
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2.2. Synthesis of molecular bottle brushes 
 
To implement the synthesis of the whole molecular brush variety, there are 
three main strategies reported 22, 29: the “grafting through’’ approach (the 
polymerization of macromonomers), the ‘‘grafting onto’’ approach (the addition of 
previously prepared side chains to a backbone), and the ‘‘grafting from’’ approach 
(the polymerization of side chains from a macroinitiator backbone) (Fig. 9).  
 
 
Fig. 9. Three main strategies of the molecular bottle brush synthesis. 
Each of these strategies controls different structural parameters, including 
chemical composition, grafting density, degree of polymerization of the side 
chains, and the degree of polymerization of the backbone. Simultaneous control 
of parameters is challenging because of the steric hindrance at the backbone due 
to the dense grafting. Even though each strategy demonstrates distinct 
advantages with respect to the molecular design, there are also limitations from a 
synthetic perspective. It is often advantageous to employ a combination of these 
methods or to use a modular approach enabling the synthesis of brushes with 
structures unobtainable by a single technique. 
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2.2.1. “Grafting through’’ approach 
 
The “grafting through” procedure is a polymerization of macromonomers 
“through” their modified end groups. Perhaps the most attractive feature of this 
method is that each repeat unit of the backbone contains a covalently bound side 
chain, which allows the preparation of brushes having side chains at each 
monomer unit of main polymer chain. By copolymerization of two different 
macromonomers one can synthesize heterograft copolymers wherein side chains 
of different chemical structure are randomly distributed along the backbone (Fig. 
8). Also, because the macromonomers are prepared separately, the side chains 
can be characterized prior to polymerization. This allows the preparation of 
brushes with well-defined grafting density and side-chain length. However, the 
“grafting through” method suffers from a low degree of polymerization of the 
backbone, which is also dependent on the macromonomer length and type. 
Additionally, due to the low concentration of polymerizable end groups (compared 
to the concentration of polymer units) and high steric hindrance of the 
propagating chain end, polymerizations can be slow and not able to proceed to a 
high conversion 30. Low conversion may lead to tedious fractionation and dialysis 
in order to remove the unreacted macromonomer. 
 
2.2.1.1. Anionic polymerization 
 
There are several reports on the synthesis of polystyrene, polybutadiene and 
polyisoprene molecular bottle brushes using anionic polymerization 31, 32, 33 (Fig. 
10). It was found that although the polymerization rate as well as the resulted 
molecular weight can be well controlled, most anionically prepared molecular 
brushes were significantly short that is, apparently, due to steric hindrance and 
difficulty in obtaining macromonomers with high purity. To increase the molecular 
weight of the molecular bottle brushes, a modular approach has been used, in 
which the backbone is polymerized by free radical polymerization. In this case, 
however, polydispersity of the brushes dramatically increases 34, 35. 
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Fig. 10. Scheme of a polyanionic synthesis of a macromonomer and its following 
polymerization into a molecular bottle brush 
 
2.2.1.2. Radical polymerization 
 
There are many reports describing the synthesis of polymer brushes by the 
“grafting through” approach using free radical polymerization of macromonomers 
(Fig. 10) 36, 37. The main disadvantage of FRP is poor control over the molecular 
weight of the backbone and, consequently, a broad distribution of the resulted 
lengths of the molecular bottle brushes. Additionally, it doesn’t allow the 
preparation of more complex structures, such as block copolymer brushes. These 
problems can be solved using controlled RP. Nevertheless, the overall 
polymerization rate of bulky macromonomers stays very slow, and polymerization 
usually stops at low polymerization degrees. This effect is caused by high 
viscosity of the macromonomer solution, where polymerization takes place, and a 
small concentration of the reactive groups, which are situated at the end of each 
molecule. All this decreases the probability for the reactive groups to react with 
one another. However, block macromonomers were also successfully 
polymerized by radical polymerization to obtain core-shell structures, which could 
be used for the preparation of nanowires, which in turn opens a big variety of 
applications of molecular bottle brushes with copolymer side chains 38. 
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2.2.1.3. Ring-opening metathesis polymerization 
 
A steric factor, as mentioned above, plays a tremendous role in the 
macromonomer polymerization process and limits the polymerization degree. 
From this point of view ring-opening metathesis reaction 39 proposes  an 
attractive alternative and offers two big advantages. First, norbornene based 
macromonomers are larger which leads to the increase of the distance between 
side polymer chains. As result, polymer chains can grow without considerable 
steric hindrance that allows larger polymerization degrees.(Fig. 11) 40. Second, a 
ring strain in the norbornenyl functionality enhances the thermodynamic driving 
force of the polymerization. 
ROMP n
 
Fig. 11. Scheme of a ring-opening metathesis polymerization (ROMP) 
 
2.2.2. “Grafting onto” approach 
 
The ‘‘grafting onto’’ strategy in the molecular brush synthesis involves a 
reaction of end-functionalized polymers with a polymer backbone precursor 
containing a complimentary functionality (Fig. 9). This synthetic strategy is largely 
based on the supramolecular assembly approach, exploiting hydrogen bonding, 
coordination and ionic interactions. The attractive feature of the ‘‘grafting onto’’ 
approach is that both the backbone and side the chains are prepared 
independently, i.e. they can be synthesized by mechanisms appropriate for the 
respective monomer structures and subsequently characterized prior to coupling. 
Such modular approach enables complex architectures such as heteropolymer 
brushes with different kinds of side chains along the backbone 41, 42. However, 
due to steric repulsion between the bulky side chains, limited grafting density is 
often observed. Typically, an excess of side chains is employed in order to drive 
the grafting reaction to a high conversion; however, purification becomes 
problematic when trying to remove the unreacted side chains. The requirement of 
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reactive linking groups imposes limitations on the selection of functional groups 
that can be incorporated into the side chain and backbone polymer structures. 
These factors have limited the “grafting onto” approach to only the most efficient, 
high yielding types of reactions, such as nucleophilic substitution and click-type 
coupling reactions. 
 
2.2.2.1. Side-chain attachment by nucleophilic substitution 
 
The preparation of molecular bottle brushes using the “grafting onto” 
approach is usually based on the reaction of nucleophilic substitution, where the 
side chains with pre-modified end groups attack the backbone precursor with 
polymer units susceptible for nucleophilic substitution. Examples of groups used 
in the backbone for the nucleophilic substitution include esters, anhydrides, 
benzylic halides, nitriles, chlorosilanes, and epoxides 43. Deffieux et al. 
demonstrated that the reaction of polystyryllithium or polyisoprenyllithium with 
poly(chloroethyl vinyl ether) (synthesized by cationic polymerization) results in the 
successful preparation of high-molecular-weight molecular brushes 44, 45. This 
strategy, in general, is able to achieve a good grafting density of the bottle 
brushes, due to the high reactivity of the end groups of the polymer side chains, 
but that is as well the main drawback of this approach, because a lot of side 
reactions can occur during the polymerization process (Fig. 12) 43. 
O
Cl
n
m
Li
O
n
m+1
 
Fig. 12. Side chain attachment by nucleophilic substitution. 
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2.2.2.2. Side-chain attachment by click chemistry 
 
The so-called “click reactions”, i.e. the Cu(I)-catalyzed 1,3-dipolar 
cycloaddition reactions between an azide and an alkyne, have been proved to be 
very efficient organic reactions, and have gained a great deal of attention due to 
their high specificity and high yields in the presence of many functional groups.  
O O
OH
O O
OH
n
O O
O
O
n
HO
O
pHEMA pHEMA-alkyne
PS-N3
O O
O
O
N
NN
PS
n
 
Fig. 13. Synthesis of a molecular brush via a combination of ATRP and a “click 
reaction”. 
The combination of click reactions and the reaction of polymerization allows 
the synthesis of heterograft bottle brushes (Fig. 8). Matyjaszewski et al. used this 
approach and demonstrated the reaction of an azido-terminated polymer side 
chain with poly(2-hydroxyethyl methacrylate) modified with alkane groups (Fig. 
13) 46. However, the grafting density appeared not to be reasonably high due to a 
large steric congestion of the grafted side chains restricting the incorporation of 
more linear chains into the grafted copolymers. 
 
2.2.3. “Grafting from” approach 
 
The “grafting from” synthesis of molecular brushes starts with the preparation 
of a backbone polymer (macroinitiator) with a predetermined number of initiation 
sites that are subsequently used to initiate polymerization of the side chains (Fig. 
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9). The macroinitiator can be prepared directly or by first preparing a precursor 
that is subsequently functionalized to include initiating parts. The gradual growth 
of the side chains alleviates concerns over the steric issues that are often limiting 
conditions in the ‘‘grafting through’’ and ‘‘grafting to’’ strategies. In “grafting from” 
via controlled radical polymerization techniques, a low instantaneous 
concentration of radical species necessarily limits termination events. The low 
concentration of radicals is especially important for the synthesis of molecular 
brushes, since an intermolecular termination can lead to pendant macrocycles, 
and, more importantly, intermolecular coupling can lead to macroscopic gelation. 
As such, the “grafting from” approach enables the preparation of long-backbone 
molecular brushes with a high grafting density and a narrow molecular weight 
distribution. However, compared to the “grafting through” approach, “grafting 
from” allows less control over the side chain length, and the grafting density. 
The ‘‘grafting from’’ approach was utilized on the examples of anionic 
polymerization 47 and atom transfer radical polymerization (ATRP) 48. For 
example, controlled synthesis of brush copolymers via ATRP has been described 
for several acrylate monomers (methyl, n-butyl, t-butyl) 49, methacrylates (methyl, 
butyl, dimethylaminoethyl, various macromonomers) 50, acrylamide 50, 
acrylonitrile 51, and styrene 52. Other examples of ATRP-made brushes include 
core–shell molecules with block copolymer side chains 53, AB and ABA block 
brushes 16, star-like brushes 54, and cylindrical brushes with gradient grafting 
density 49. Recently, a combination of dendritic polymers and molecular brushes 
has been reported where polymer chains were subsequently grown on the 
dendritic core using atom transfer polymerization techniques 22, 55.  
 
2.2.3.1. Tailoring the macrointiator structure 
 
Macrointiator is essentially a template, or a basis, which is used for building 
different kinds of molecular bottle brushes. Therefore, its structure substantially 
determines the density of the grafted side chains, the length, and the 
polydispersity index of the resulting brushes. Moreover, during the polymerization 
process of the macroinitiator one can vary its composition, which can also be 
beneficial in the synthesis of advanced molecular architectures. 
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2.2.3.2. Homopolymers 
 
There are several ways to synthesize a macroinitiator: conventional free 
radical polymerization, stable free radical polymerization, RAFT polymerization or 
anionic polymerization. Nevertheless, practically, most of the reports have 
employed ATRP of a monomer carrying a precursor that was subsequently 
transformed into an ATRP-initiating group either directly 56 or after deprotection 52 
(Fig. 14). Due to the simplicity of the ATRP initiator preparation a wide variety of 
macroinitiators can be obtained. 
O O
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O O
OH
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pHEMAHEMA
O O
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Fig. 14. Two approaches of the backbone synthesis and the following side chain 
growth using ATRP. 
 
2.2.3.3. Block copolymers 
 
Recently, two different types of block copolymer molecular brushes have 
been reported. The first one is a brush-coil block copolymer, where one block is a 
cylindrical brush and the other is composed of a linear polymer 57. The second 
one is the so called brush-brush block copolymer, which consists of two different 
molecular bottle brushes connected with one another 58 (Fig. 15). 
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Fig. 15. Brush-brush (left) and brush-coil (right) type block copolymer brushes. 
In order to synthesize the latter, a combination of “grafting through” and 
“grafting from” approaches is used. Block copolymerization of a PEGMA 
macromonomer with 2-hydroxyethyl methacrylate (HEMA) resulted in a polymer 
that could be functionalized with halogenated initiating sites 58. Similarly, 
polymerization of octadecyl methacrylate (ODMA) followed by blocking with 
HEMA-TMS was reported 16. Both AB and ABA block copolymers were prepared, 
subsequently functionalized, and employed as macroinitiators for the 
polymerization of n-butyl acrylate (BA) (Fig. 16). 
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Fig. 16. Combination of “grafting through” and “grafting from” approaches. 
 
2.2.3.4. Heterograft copolymers 
 
Molecular bottle brushes with side chains of different types can be prepared 
either by copolymerization of two various macromonomers, or by 
copolymerization of a macromonomer with a polymer precursor, which has 
functional groups that could be subsequently modified into ATRP initiation sites. 
Several heterograft brush copolymers with PEG and poly(n-butyl acrylate) (pBA) 
chains were prepared in this manner 59. It was shown that the specific 
macromolecular architecture consisting of a random distribution of chemically 
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different bunches along the backbone can lead to amorphous, homogeneous 
bulk materials behaving like typical glassforming systems even when one 
component has a tendency to crystallize. A similar method was used to prepare 
heterograft brushes with PEG and pHEMA side chains, and here a microphase 
separation resulting in Janus-type structures of heterograft copolymers was 
observed 58, 59. 
 
2.2.3.5. Gradient brushes 
 
In order to vary the density of the molecular brush along its length, one can 
incorporate monomers without initiation sites into the backbone. For example, by 
simple polymerization of 2-(trimethylsilyloxy) ethyl methacrylate methyl 
methacrylate (HEMA-TMS) with methyl methacrylate (MMA) random copolymers 
could be formed 60, where the protective TMS group could be subsequently 
cleaved, modified, and used as an ATRP initiator. In this case a forced gradient in 
the backbone could be achieved by continuous feeding of HEMA-TMS during the 
polymerization course 61. It is also possible to obtain a backbone gradient 
spontaneously by mixing two monomers with significantly different reactivity 
ratios, for example, acrylates and methacrylates 62. 
 
2.2.3.6. End-functionalized brushes 
 
Functionalization of the molecular brush ends could be beneficial in order to 
obtain building blocks for more complex architectures, such as the mentioned 
before proteoglycan aggregates (Fig. 6). Recently, cylindrical end-functionalized 
polyelectrolyte brushes made of poly(styrene sulfonate) were synthesized by a 
combination of anionic polymerization yield an end-functionalized macroinitiator, 
and ATRP to obtain the side chains. The end-functionalized polyelectrolyte 
brushes were found to form complexes with negatively charged latex particles, 
and thus mimic the proteoglycan molecules 28. 
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Fig. 17. End-functionalized molecular brushes on a negatively charged latex particle 
28. 
2.2.3.7. Tailoring side chain composition 
 
By using the “grafting from” procedure one can easily and effectively control 
the chemical composition of the side chains. It is possible to obtain molecular 
bottle brushes with both random and block copolymer side chains 2, 3, 63, 64. 
 
2.2.3.8. Homopolymer side chains 
 
A wide variety of monomers has been successfully homopolymerized from 
macroinitiator backbones by ATRP, including acrylates 49, 53, 56, methacrylates 50, 
acrylonitirile 51, and acrylamides 50. Other methods of CRP, for example, RAFT 
polymerization 65, have been employed as well. 
 
2.2.3.9. Copolymer side chains 
 
Molecular bottle brushes with core-shell structure (with block copolymer side 
chains) could be prepared by consecutive addition of different monomers. 
Brushes with a soft ptBA core and a hard PS shell as well as inverted structures 
were prepared by ATRP 49. Similarly, PS-block-ptBA, ptBA-block-PS, and ptBA-
block-ptBA (ptBA—poly(t-butyl acrylate)) side chains have been prepared 53, 56; 
after hydrolysis of the t-butyl groups, acrylic acid units were obtained. Due to the 
responsive nature of the pAA blocks, conformational transitions were observed 
as a function of solvent quality 56. Compared to conventional multimolecular 
31 
 
micelles, these core–shell structures formed unimolecular cylindrical micelles that 
were not susceptible to dissociation upon dilution.  
Additionally, it has been reported on synthesizing molecular bottle brushes 
with ABC triblock copolymer side chains. In their work, the authors have 
synthesized well-defined brushes with a polymethacrylate backbone, and side 
chains comprised of pBA-b-pAN or pBA-b-pAN-b-ptBA blocks by using ATRP. As 
shown in Fig. 18, pAN serving as a carbon precursor was placed as a middle 
block with side chains being sandwiched between the outer shell and the inner 
core made up of sacrificial blocks. One of the motivations for the incorporation of 
pAN was to prepare discrete carbon nanostructures. This layer can be then 
converted into carbon while the backbone, the inner layer, and the outer cross-
linked layer can be removed through pyrolysis 51. 
 
 
Fig. 18. AFM images of molecular bottle brushes: (A) pBPEM-g-pBA, (B) pBPEM-g-
(pBA-b-pAN), (C) pBPEM-g-(pBA-b-pAN-b-ptBA); (D) Cross-linked molecular bottle 
brush and its conversion into nanostructured carbons through thermal treatment 51. 
 
2.2.4. Summary of the synthetic approaches 
 
A variety of approaches were successfully tested for the synthetic preparation 
of molecular bottle brushes. It is appeared that the most frequently used and 
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effective methods are “grafting from” together with “grafting through” techniques, 
which allow synthesizing the most part of possible molecular bottle brush 
architectures. The “grafting from” approach, however, has been rarely reported 
and one can hardly find a real demonstration or even AFM pictures of the 
brushes obtained by this technique. Investigation of new synthetic ways in 
molecular brush synthesis using “grafting to” approach can lead to the 
preparation of not very well known heterograft copolymer brushes. Discovering of 
the easy and effective method of their synthesis will allow preparation of the 
molecular bottle brushes of any desired architecture and focusing on physical 
properties and applications of the brushes rather than on their preparation. 
The second most challenging problem in molecular bottle brush synthesis is 
obtaining relatively high grafting densities of the side chains, because this is the 
only thing that opposes them to typical linear polymers. Many of the possible 
applications of bottle brushes arise from their unique, highly dense 
macromolecular architectures. The enhanced synthetic capability to prepare 
brushes with increased complexity and functionality has been accompanied by 
significant advancements in their characterization. Large sizes and well-defined 
shapes of molecular brushes enabled accurate molecular characterization 
through visualization of single molecules. Molecular scale observations of 
conformation and motion of brush-like macromolecules have received 
considerable attention both from experimental and theoretical point of view. 
 
2.3. Molecular weight and size distribution 
 
An accurate characterization of molecular weight distribution is a very 
important task since many physical properties of polymers depend on the chain 
dimensions. In polymer chemistry a combination of techniques, such as GPC, 
light scattering, and viscometry, is typically employed to characterize molecular 
weight distribution and molecular conformation. However, experimentalists face 
considerable difficulties when trying to apply all of these methods to complex 
macromolecules that involve branching and heterogeneous composition. In the 
recent years, visualization of individual molecules by scanning probe 
microscopes has become a powerful characterization tool 66. In addition to 
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verifying the synthetic strategies, molecular visualization enables accurate 
measurements of molecular weight, size, and conformation. A unique advantage 
of molecular visualization is that one obtains molecular dimensions in direct 
space, allowing more opportunities for statistical analysis. This, in turn, allows 
manual fractionation of the visualized molecules by size, branching topology, and 
chemical composition, and also provides the ability to sort out the irrelevant 
species. 
The number average molecular weight and the molecular weight distribution 
of bottle brush polymers can be determined using a combination of the 
Langmuir–Blodget (LB) technique and AFM 66. The LB technique provides the 
mass density information (mass/area), while visualization of monolayers by AFM 
enables accurate measurements of the number of molecules per unit area 
(number/area). From the ratio of the mass density to the molecular density, the 
number average molecular weight was determined as Mn = mass/number. As 
shown in Fig. 19, the obtained results were in good agreement with gel-
permeation chromatography (GPC) using a multi-angle laser light scattering 
(MALLS) detector 22. 
 
Fig. 19. The molecular weight distribution of bottle brush polymers was determined 
by MALLS-GPC and AFM-LB techniques 22. 
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2.4. Molecular conformation and ordering on the surface 
 
2.4.1. Hopolymer brushes 
 
High-resolution microscopy, however, does not resolve individual atoms, but 
it can depict the contour of the macromolecule, which is also very helpful in 
obtaining such information as the contour length, the curvature and end-to-end 
distance of the molecular bottle brushes. This information enables a quantitative 
analysis of the local properties (chain configuration and flexibility) and the overall 
conformation (excluded volume effects and randomwalk statistics). For polymer 
chains with a rod-like backbone the observed length L is directly related to its 
degree of polymerization, N, or its molecular mass M by the length per monomer 
unit lm = L/N, and the linear density λ = M/L, respectively 
19. 
The persistence length of adsorbed brush molecules on the surface has a 
stronger dependence on the side chain length and can be described as lp~n
α with 
α = 2.7. It is controlled by the fraction of the adsorbed side chains: the higher the 
fraction, the larger the persistence length (Fig. 20) 67. Experimental results also 
show that due to the high grafting density, side chains repel each other and 
thereby stretch the backbone into an extended conformation 68. Placing these 
macromolecules on a surface enhances steric repulsion between the side chains, 
which results in both an extension of the polymer backbone, and an increase in 
the persistence length. 
The effect is illustrated in Fig. 20, which demonstrates atomic force 
microscopy (AFM) micrographs of pBA brush monolayers with short (Fig. 20a) 
and long side chains (Fig. 20b). Measurements on both types of molecules 
yielded a number average contour length per monomeric unit of the backbone, 
where lm = 0.23 ± 0.02 nm, which is close to lo = 0.25 nm, the length of the 
tetrahedral C–C–C section. This means that even for short side chains (n = 12), 
the backbone is already fully extended and adopts an all-trans conformation. As 
the side chains become longer, we observe a global straightening of the 
backbone reflected in an increase in the persistence length (Fig. 20d). 
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Fig. 20. (a) flexible and (b) rod-like molecular bottle brushes; (c) determination of 
the persistence length by changing the fractal dimension from d ≅ 1 to 1.33; (d) 
dependence of the persistence length of the bottle brush from its side-chain length 
22. 
From scaling analysis √〈𝑅𝑔2〉~𝐿
𝛼 of the overall molecular dimensions (Rg or 
R0) as a function of the molecular length (L), characteristic dimensionality (a = 
1/d) is obtained. Under good solvent conditions (Fig. 20c), the dimensionality was 
shown to be 1.36, which is characteristic for a self-avoiding walk of two-
dimensional chains with excluded area. This corroborates experiments on 
conventional linear chains 22. On smaller length scales, the dimensionality 
decreased to d ≅ 1, as expected for a rod-like object. Under theta-solvent 
conditions, e.g. upon embedding brushes in a melt of linear chains of the same 
chemical structure, brushes undergo conformational transformations from swollen 
coils in a melt of short chains (d = 4/3) to a compact coil in a melt of longer chains 
(d = 2). 
 
2.4.2. Block copolymer brushes 
 
Molecular bottle brushes with block copolymer side chains behave differently 
on the surface compared to all the other polymer structures. Their conformation 
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depends on the interactions between individual blocks, the underlying substrate, 
and the surrounding environment (Fig. 21). If both blocks are equally attracted by 
the substrate, conformation shown in Fig. 21a is expected. However, if one of the 
blocks is more attracted to the substrate while the other block tends to segregate 
on the surface, the side chains may fold back resulting in conformations depicted 
in Fig. 21 b, c. Here, conformation also depends on the relative distance of the 
two blocks from the backbone. 
 
Fig. 21. Possible morphologies of block copolymer molecular bottle brushes 
adsorbed on the surface 22. 
Another example (Fig. 22 a, b) shows a molecular bottle brush with side 
chains made of a block copolymer pnBA-block-PS on a mica surface. In contrast 
to the pnBA chains that adsorb flatly, PS tails in the block copolymer brushes 
tend to aggregate to clusters. The driving force might be found in the entropically 
favorable coiling, and in the reduced unfavorable contacts between PS and 
pnBuA blocks as well as between PS and air. While the PS segments form 
clusters, the pnBA chain fragments remain tightly adsorbed on the substrate (Fig. 
22 e, f) 49. 
 
Fig. 22. (a, b) AFM pictures of a molecular bottle brush consisting of pBPEM-graft-
(pnBA-block-PS); (c, d) profiles along the dotted lines; (e, f) explanation of the 
necklace morphology upon looking at the molecule from the edge and from the side 
49. 
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Another structure was shown on an example of a by bottle brush with pCL-
block-pBA side chains 69. Here, the pBA block, being very attracted by the 
surface, partially penetrates through the pCL to the substrate (Fig. 21c). In an 
amorphous state the molecules can be modeled as microphase-separated 
cylinders, where pCL is a core and pBA is a shell. During crystallization of pCL 
the cylinder structure disappears (Fig. 23). 
 
Fig. 23. Scheme showing the molecular packing in thick films and bulk before and 
after crystallization of the PCL core 69. 
 
2.4.3. Conformational transitions 
 
When molecular bottle brushes adsorb to a flat surface they lose their 
cylindrical symmetry, which results in partitioning of the side chains (Fig. 24). 
Moreover, interactions with the substrate can result in the ordering of adsorbed 
macromolecules with particular conformations. 
 
Fig. 24. Scheme of a molecular bottle brush adsorbed on the surface. 
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One can determine the conformation of the brush on the surface by the 
number of side chains adsorbed to the surface as well as by the distribution of 
the adsorbed side chains with respect to the backbone. Depending on the 
fraction of the adsorbed side chains molecular brushes can adopt ribbon-like, 
curved, cylindrical, or globular conformations (Fig. 25).  
 
Fig. 25. Four distinct conformations observed for molecular brushes on different 
surfaces: (a) spontaneous curvature (φR ≠ φL), (b) ribbons (φa ≅ 1, φR ≅ φL = 0.5), 
(c) cylindrical (φa < 1, φR ≅ φL = 0.5, repulsion between desorbed side chains), (d) 
globular (φa < 1, φR ≅ φL = 0.5, attraction between desorbed side chains) 22. 
If the fraction of adsorbed side chains (φa = number of adsorbed side 
chains/total number of side chains) is large, the brush will presumably have an 
extended ribbon-like conformation such as depicted in Fig. 18 a. This 
conformation is energetically favored as it allows a large number of surface 
contacts. When the side chains are no longer strongly adsorbed to the surface, 
where φa < 1, brush molecules may switch to other conformations depending on 
the surrounding environment. In a poor solvent (e.g. air), desorbed side chains 
attract each other and cause coiling of the backbone into a globular conformation 
(Fig. 25 d). Additionally, cylindrical conformation with φa ≪ 1 is stabilized by steric 
repulsion of desorbed side chains in a good solvent (Fig. 25 c) 22. 
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2.4.4. Rod-globular transition 
 
Cylindrical brush molecules are able to switch conformations from rod-like to 
globular upon a decrease in the substrate surface energy. These types of 
molecules can serve a dual purpose, as they can act as pressure sensors, but 
can also react in response to the changes in the surface energy of a substrate 
they are spread upon 19, 70. By using AFM one can observe the changes that 
molecular brushes undergo during the changing of the surface energy 71. Here, 
two types of conformational changes are discriminated. First, the average contour 
length of the brush molecules decreases. Second, as the interaction energy 
drops below a certain limit, the rod-like molecules undergo a transition to a 
globular conformation (Fig. 26).  
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Fig. 26. Transition of molecular bottle brushes to a globule upon decreasing the 
surface energy of the substrate: (A) γ = 70.3 mN/m, (B) γ = 60.8 mN/m, (C) γ = 48.8 
mN/m, (C) γ = 47.2 mN/m. On the right: variation of brush dimensions as a function 
of surface pressure: █  distance between backbones ⧭ number average contour 
length 71. 
The following illustration (Fig. 27) depicts a pathway for the conformational 
changes in the rod-globule transition. In Fig. 27 A, the side chains of the molecule 
are fully adsorbed to the surface which causes extension of the backbone. Upon 
a decrease in the interaction energy, as depicted in Fig. 27 B, some of the side 
chains detach from the surface and coil up on the backbone. As some side 
chains leave the surface, other side chains that remain adsorbed on the substrate 
begin to coil to gain back some of the entropy lost in the extension. At this stage 
the backbone remains extended showing only weak changes in the average 
contour length of brush molecules. As the polymer-water interactions are further 
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decreased, more side chains detach from the surface, but the distance between 
the molecules remains constant because the backbone starts to contract as 
depicted in Fig. 27 C. 
 
 
Fig. 27. The rod-globule transition upon decreasing the interaction energy. (A) side 
chains are adsorbed to the surface and the backbone is extended, (B) side chains 
begin to detach and collapse on the backbone, (C) the backbone contracts from its 
extended state, (D) aggregation of desorbed side chains 71. 
Notably, during this stage molecules remain in a rod-like state since their 
conformation is stabilized by those side chains that remain adsorbed on the 
substrate. Finally, as shown in Fig. 27 D, the rod-globule transition occurs, in 
which the desorbed side chains aggregate into a globule and form a circular 
corona around. 
To monitor conformational changes of single brush molecules in-situ, an 
environment-controlled AFM can be used 72. As shown in Fig. 28, the molecules 
transformed reversibly from an extended worm-like conformation to a compact 
globular conformation, when the relative vapor pressure of water and ethanol was 
changed in the surrounding atmosphere. Adsorption of water and ethanol 
changed the surface properties of the mica substrate and thus the attraction of 
the side chains to the substrate. Coexistence of collapsed and extended strands 
within the same molecule indicated a first-order transition in agreement with 
previous studies of dense monolayers. 
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Fig. 28. Conformational transition caused by variation of the ethanol vapor pressure 
in the surrounding atmosphere 72. 
Together with side-chain length, grafting density is another parameter that 
controls the rod-globule transition. On an example of molecular bottle brushes 
with gradient grafting density it was shown that dense molecular brushes undergo 
the transition more readily compared to loose brushes with a lower grafting 
density 73.  
 
Fig. 29. Left: schematic representation of a molecular bottle brush with gradient 
grafting density compression. Right: AFM images of bottle brushes with gradient 
grafting density under different degrees of compression 73. 
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Upon increasing the film pressure, the rod–globule transition occurred at the 
end where the brush was densely grafted, leaving a molecule with a globular 
‘‘head’’ and an extended ‘‘tail’’— the so-called tadpole conformation (Fig. 29). 
Observing an anisotropic behavior of gradient brushes demonstrates the ability to 
design brushes with inherent asymmetry and raises the possibility of controlling 
the conformation of brushes in such a way as to direct the motion of individual 
molecules 73. 
 
2.4.5. Adsorption-induced dissociation 
 
As it was mentioned before, a molecular bottle brush on the surface has a 
rod-like conformation due to the steric repulsion between the side chains. 
Depending on the strength of adsorption and the molecular architecture, brush 
molecules may undergo both association and dissociation upon their adsorption 
to surfaces. Fig. 30Fehler! Verweisquelle konnte nicht gefunden werden. 
demonstrates physical association of brush-linear block copolymers on a solid 
substrate due to crystallization of octadecyl tail segments 16. The molecules 
spontaneously bridge one another forming chains and branches. 
 
Fig. 30. Association of brush molecules due to crystallization of linear chains at both 
ends of the brush backbone 22. 
Simple adsorption of brush-like macromolecules with long side chains on a 
substrate can induce not only conformational deformations or association of the 
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molecules, but also spontaneous rupture of covalent bonds in the 
macromolecular backbone. This behavior was attributed to the fact that the 
attractive interactions between the side chains and the substrate are maximized 
by spreading of the side chains, which in turn induces tension along the polymer 
backbone. Provided the side-chain densities and substrate interactions are 
sufficiently high, the tension generated will be strong enough to rupture covalent 
carbon–carbon bonds. Fig. 31A shows a series of AFM images obtained for 
different incubation times of a brush molecule with particularly long side chains 
on a water/propanol substrate. As the time spent on the substrate increases, the 
molecules become progressively shorter while the number of species per unit 
area correspondingly increases, indicating scission of the backbone (Fig. 31B). 
By measuring the length decrease as a function of time, the scission process was 
shown to be a first-order reaction (Fig. 31C). 
 
Fig. 31. (a) AFM images of molecular bottle brushes at different exposure times to 
the water/propanol substrate; (b) scheme of polymer backbone scission; (c) time 
dependence of the number average contour length and the PDI 22. 
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2.4.6. Summary of the molecular bottle brush physical properties 
 
Relatively rapid progress in polymerization techniques made it possible to 
synthesize such complex structures as polymer bottle brushes, which are 
characterized with by far more complicated architectures of polymer chains than 
linear polymers, and which require a better control over the molecular weight of 
the resulted polymer. Properties of the molecular bottle brushes are typically 
associated with the grafting density of their side chains, and therefore many of 
the expected applications of these materials arise from their unique, highly dense 
molecular architecture. Among all the methods proposed for a successful 
preparation of densely grafted copolymers, CRP remains the most promising in 
the synthesis of molecular bottle brushes by the “grafting from” technique. 
High molecular weight and extended conformations of molecular brushes 
facilitate their investigation by methods typically not applicable to single 
molecules. Visualization of individual molecules on surfaces by microscopy 
allows the calculation of size, molecular weight, and molecular weight distribution, 
while also simplifying the confirmation of the macromolecular architecture (stars, 
rodcoil brushes, etc.). Observation of individual brushes under more concentrated 
conditions allows the characterization of, for instance, monolayer spreading and 
chain scission in an unprecedented, directly visualized manner. 
2.5. Nanofabrication using bottle brushes  
2.5.1. Introduction 
One-dimensional (1D) nanostructures, such as tubes, rods and wires, have 
gained considerable interest for the last couple of decades because of their high 
aspect ratio and their potential application in electronic, optical and mechanical 
devices 8, 74, 75. The unique size- and shape-dependent properties of 1D 
nanomaterials and their continually expanding applications in various research 
areas have dramatically increased the interest in anisotropic nanostructures 1, 76, 
77. 1D inorganic nanostructures often find use as sensors or in catalysis 8, 78, 79. In 
early research, the exploration of 1D nanomaterials was hampered as the 
synthesis and control of a distinct geometry at extremely small sizes were difficult 
80. Many 1D nanostructures are built up via templating processes where a 
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suitable template predetermines the shape and size of the hybrid material. It is 
generally accepted that template-directed syntheses provide a simple, high-
through-put, and cost-effective procedure which allows a straightforward 
production of hybrid material, often in only one step 8. Whereas hard templates 
are mostly from anodized aluminuim oxide (AAO), soft templates can vary from 
simple surfactant micelles to more complex templates, such as peptides, carbon 
nanotubes, viruses, or cylindrical polymer brushes 3, 81. 
Molecular bottle brushes adopt an extended chain conformation arising from 
the intramolecular excluded-volume interactions among densely grafted side 
chains. Owing to this intrinsic 1D shape, they are practically suitable as building 
blocks for hybrid and inorganic 1D nanostructures. Templating with molecular 
brushes is an intuitive and straight-forward route, as the shape and dimension 
are directly achieved from the template; the only task left is to hybridize the 
brushes by introducing a tight chemical or physical interaction to fix the inorganic 
moieties in the brushes. 
Employing cylindrical bottle brushes as templates has the following unique 
features: (i) Uniform and tunable size. The dimension of the final 1D hybrid is 
dominated by the template. Thus, the dimensional control is achieved during the 
preparation of the template rather than the hybridization process. The dimensions 
of the CPBs can be controlled in the polymerization process. (ii) Solubility. Many 
applications of 1D nanomaterials require a processing step, in which individual 
1D nanostructures will be manipulated, ordered and packed in a designed 
manner. A common obstacle that blocks 1D nanomaterials from practical 
application is the strong agglomeration, which forms objects irregular in shape 
and size. In contrast, all 1D hybrid nanowires templated from molecular brushes 
are colloidally stable in corresponding solvents, which is convenient for the 
processing. Addressing individual 1D objects is also possible since no 
agglomeration in solution takes place. This allows the fabrication of nanodevices 
based on single nanoobjects. 
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2.5.2. Superparamagnetic hybrid nanowires 
 
Polyelectrolytes, notably pAA, are capable of complexing transition metal 
ions. Amphiphilic molecular bottle brushes with a PAA core can take advantage 
of this property to fix and localize the inorganic precursor in the linear core, which 
is surrounded by a protective hydrophobic shell. In Fig. 32 the preparation of 
superparamagnetic hybrid nanocylinders within amphiphilic polymer brushes is 
displayed 5. In the first step (Fig. 32 a and b), carboxylic acid functions in the pAA 
core were neutralized by NaOH to obtain a strong polyelectrolyte core. The 
sodium ions were replaced by Fe2+ or Fe3+ in an ion exchange process (Fig. 32 b 
and c), forming polychelates (composites of brush and metal ions) to immobilize 
the iron ions in the core. The pnBA shell prevents intermolecular crosslinking and 
provides the solubility of the whole hybrid in organic solvents. Excess iron ions 
were removed from the solution by dialysis or precipitation. Through alkalization, 
the polychelates in the core were converted to g-Fe2O3 nanoparticles which were 
simultaneously fused into a nanowire within the cylindrical core (Fig. 32 c and d). 
 
Fig. 32. Synthesis of an iron oxide nanowire inside an amphiphilic CPB 80. 
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2.5.3. Semiconductor CdS, CdSe, and conductive gold hybrid 
nanowires 
 
Semiconductor (CdS and CdSe) and conductive (Au) hybrid nanowires have 
also been templated in amphiphilic core–shell molecular bottle brushes 3, 82. The 
fabrication process is similar to that of hybrid superparamagnetic nanocylinders, 
except that the metal ions used are Cd2+ and AuCl4
−. Correspondingly, a 
sulphidization reaction is performed in the brush core by reacting the 
polychelates with either H2S or H2Se gas to form CdS or CdSe nanoparticles, 
which are aligned and fused into nanowires in the brush core. Subsequently, gold 
ions were introduced in to the polyvinylpyridine core of the polystyrene molecular 
bottle brush and were further reduced, which led to the formation of golden 
nanowires inside the polymer shell (Fig. 33). 
 
Fig. 33. Left: Illustration of the nanowire formation concept; right: (A) AFM and (B) 
TEM images of molecular bottle brushes loaded with HAuCl4 83. 
 
2.5.4. Water-soluble organo-silica hybrid nanowires 
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The use of amphiphilic and bis-hydrophilic core–shell CPBs as templates 
requires the introduction and immobilization of an external inorganic precursor. 
By constructing the CPBs themselves from a precursor-containing monomer, the 
precursor introduction step is not necessary anymore 84, 85. Inspired by this 
concept, hybrid nanowires with a silsesquioxane core and a shell made up from 
OEGMA units were synthesized, which are soluble in water and many organic 
solvents 2. These nanowires serve as in situ templates for the pyrolytic formation 
of inorganic silica nanowires. 
 
Fig. 34. Synthesis of soluble organo-silica and inorganic silica nanowires 2. 
 
2.5.5. Conclusions 
Using molecular bottle brushes as templates to direct the synthesis of 1D 
hybrid nanowires is a facile solution approach under benign conditions without 
any requirement of high vacuum or pressure. As the polymeric templates are 
prepared, mostly from controlled/living polymerization techniques, their size is 
tunable and very uniform with little deviation in the size distribution. This makes 
them desired templates for the generation of well-ordered 1D hybrid 
nanostructures with precise dimensions and architecture. In addition, the 1D 
hybrid nanomaterials are free of agglomeration and fairly stable in solution as a 
result of a protective polymeric shell. This unique feature facilitates a well-
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controlled processing for their applications, like forming a lyotropic phase or 
alignment of ordered 1D nanostructures on a substrate in the presence of an 
external magnetic field. 
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3. Experimental techniques and methodology. 
3.1. Introduction 
 
In the present work, a combination of several analytical techniques was used 
to obtain information about each step of the experiment. Characterization of the 
polymer bottle brushes and polyelectrolyte complexes on surface and in solution 
was performed using AFM, SEM and CryoTEM. In addition, FIB was used to 
prepare samples for conductivity measurements. The most used methods are 
described in this chapter. 
 
3.2. Atomic force microscopy (AFM) 
 
Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very 
high-resolution type of scanning probe microscopy, with demonstrated resolution 
in the order of fractions of a nanometer. The AFM consists of a cantilever with a 
sharp tip (probe) at its end that is used to scan the specimen surface Fig. 35. The 
cantilever is typically silicon or silicon nitride with a tip radius of curvature in the 
order of nanometers. When the tip is brought into proximity of a sample surface, 
forces between the tip and the sample lead to a deflection of the cantilever. 
Depending on the situation, forces that are measured in AFM include mechanical 
contact force, van der Waals forces, capillary forces, chemical bonding, 
electrostatic forces, magnetic forces, etc. Typically, the deflection is measured 
using a laser spot reflected from the top surface of the cantilever into an array of 
photodiodes. 
If the tip was scanned at a constant height, a risk would exist that the tip 
collides with the surface, causing damage. Hence, in most cases a feedback 
mechanism is employed to adjust the tip-to-sample distance to maintain a 
constant force between the tip and the sample. Traditionally the tip or sample is 
mounted on a 'tripod' of three piezo crystals, with each responsible for scanning 
in the x, y and z directions. 
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Fig. 35. Schematic representation of AFM 86. 
The AFM can be operated in a number of modes, depending on the 
application. In general, possible imaging modes are divided into contact, tapping 
and non-contact modes 87. 
 
3.2.1. Contact AFM mode 
 
Contact mode AFM operates by scanning a tip attached to the end of a 
cantilever across the sample surface while monitoring the change in cantilever 
deflection with a split photodiode detector 88. The tip contacts the surface through 
the adsorbed fluid layer on the sample surface. A feedback loop maintains a 
constant deflection between the cantilever and the sample by vertically moving 
the scanner at each (x,y) data point to maintain a “setpoint” deflection. By 
maintaining a constant cantilever deflection, the force between the tip and the 
sample remains constant. 
The force is calculated from Hooke's Law:  
𝐹 = −𝑘𝑥 
where F = Force, k = spring constant, x = cantilever deflection. Force 
constants usually range from 0.01 to 1.0 N/m, resulting in forces ranging from nN 
to μN in an ambient atmosphere. The distance the scanner moves vertically at 
each (x, y) data point is stored by the computer to form the topographic image of 
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the sample surface. Operation can take place in ambient and liquid 
environments. One of the examples of probes used for AFM contact mode is 
silicon nitride probes. For contact mode AFM imaging, it is necessary to have a 
cantilever which is soft enough to be deflected by very small forces (i.e. small 
force constant) and has a high enough resonant frequency to not be susceptible 
to vibrational instabilities. This is accomplished by making the cantilever short to 
provide a high resonant frequency and thin to provide a small force constant. 
Contact mode AFM possesses high scan speeds and with this technique images 
with “atomic resolution” can be obtained. However, lateral (shear) forces can 
distort some features in the image. Also, the forces normal for the tip-sample 
interaction can be high in air due to capillary forces from the adsorbed fluid layer 
on the sample surface. Additionally, the combination of lateral forces and high 
normal forces can result in reduced spatial resolution and may damage soft 
samples (i.e., biological samples, polymers, silicon) due to scraping between the 
tip and sample. These obstacles when using AFM Contact mode can be avoided 
by using Tapping Mode AFM or Non-contact AFM mode. 
 
3.2.2. Tapping AFM mode 
 
Tapping Mode AFM operates by scanning a tip attached to the end of an 
oscillating cantilever across the sample surface 88. The cantilever is oscillated at 
or slightly below its resonance frequency with an amplitude ranging typically from 
20nm to 100nm. The tip lightly “taps” on the sample surface during scanning, 
contacting the surface at the bottom of its swing. The feedback loop maintains a 
constant oscillation amplitude by maintaining a constant RMS of the oscillation 
signal acquired by the split photodiode detector. The vertical position of the 
scanner at each (x,y) data point in order to maintain a constant “setpoint” 
amplitude is stored by the computer to form the topographic image of the sample 
surface. By maintaining constant oscillation amplitude, a constant tip-sample 
interaction is maintained during imaging. Operation can take place in ambient 
and liquid environments. In liquid, the oscillation need not be at the cantilever 
resonance. When imaging in air, the typical amplitude of the oscillation allows the 
tip to contact the surface through the adsorbed fluid layer without getting stuck. 
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There are following examples of standard probes used for tapping mode: tapping 
mode etched silicon probes (also hardened ones), tapping mode focused ion 
beam (FIB) machined silicon probes and Olympus tapping tips. For instance, 
tapping mode etched silicon probes possess the following characteristics: spring 
constant 20 – 100 N/m; resonant frequency 200 – 400 kHz, nominal tip radius of 
curvature 5 – 10 nm. Thus, AFM tapping mode possesses higher lateral 
resolution on most samples (1 nm to 5 nm) and it is non-destructive for soft 
samples imaged in air due to lower forces. Also, lateral forces are virtually 
eliminated, so there is no scraping. But the scanning speed in tapping mode is 
slightly slower than in contact AFM mode. 
 
3.2.3. Non-contact AFM mode 
 
The cantilever is oscillated at a frequency which is slightly above the 
cantilever’s resonance frequency typically with an amplitude of a few nanometers 
(< 10nm), in order to obtain a signal from the cantilever 88. The tip does not 
contact the sample surface, but oscillates above the adsorbed fluid layer on the 
surface during scanning. The cantilever's resonant frequency is decreased by the 
van der Waals forces, which extend from 1 nm to 10 nm above the adsorbed fluid 
layer, and by other long range forces which extend above the surface. The 
decrease in resonant frequency causes the amplitude of oscillation to decrease. 
The feedback loop maintains a constant oscillation amplitude or frequency by 
vertically moving the scanner at each (x, y) data point until a “setpoint” amplitude 
or frequency is reached. The distance the scanner moves vertically at each (x, y) 
data point is stored by the computer to form the topographic image of the sample 
surface. However, applications for non-contact mode AFM imaging are limited 
due to several disadvantages. Firstly, it is the lower lateral resolution, limited by 
the tip-sample separation. Secondly, slower scan speed than in tapping mode 
and contact mode is used to avoid contacting the adsorbed fluid layer which often 
results in the tip getting stuck. Finally, non-contact mode is usually only operated 
on extremely hydrophobic samples, where the adsorbed fluid layer is at a 
minimum. If the fluid layer is too thick, the tip becomes trapped in the adsorbed 
fluid layer causing unstable feedback and scraping of the sample. 
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All AFM-measurements were performed by using Dimension 3100, 
Dimension V (Veeco) and Dimension Icon (Bruker) microscopes  in tapping mode 
AFM and peak force TUNA. Obtained images were treated and analyzed with 
standard Veeco diNanoScope software 7.30 and WSxM 5.0 89 software 
 
3.3. Transmission electron microscopy (TEM) 
 
Transmission electron microscopy (TEM) is a microscopy technique in which 
a beam of electrons is transmitted through an ultra-thin specimen, interacting with 
the specimen as it passes through 90. An image is formed from the interaction of 
the electrons transmitted through the specimen; the image is magnified and 
focused onto an imaging device, such as a fluorescent screen, on a layer of 
photographic film, or to be detected by a sensor such as a CCD camera. 
A TEM is composed of several components, which include a vacuum system 
where the electrons travel, an electron emission source for generation of the 
electron stream, a series of electromagnetic lenses, as well as electrostatic plates 
and an image recording system (Fig. 36). 
 
Fig. 36. Optical components in basic TEM 86. 
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3.3.1. Electron gun 
 
The electron gun provides the TEM with an electron beam of adjustable 
current and energy. The most classic electron gun is the triode gun based on 
thermionic emission from a tungsten filament heated to about Tc = 2700 K 91. By 
thermionic excitation the electrons overcome the work function Φ of the tungsten 
tip and a current with the density jc is emitted according to the Richardson law: 
𝑗𝑐 = 𝐴𝑇𝑐
2 exp (−Φ/𝑘𝑇𝑐) 
where A represents a constant depending on the cathode material and k is 
the Boltzmann constant; Φ = 4.5 eV for tungsten. 
 
Fig. 37. The scheme of an electron gun. 
The emitted electrons are accelerated from the filament at a high negative 
potential toward the anode at ground potential. Central holes in the Wehnelt 
cylinder and in the anode enable a fraction of the accelerated electrons to move 
toward the lenses in the microscope column. The emission current can be 
controlled by the bias of the Wehnelt cylinder, which surrounds the filament. The 
negative Wehnelt bias is provided by a voltage drop caused by the emission 
current through the resistor RW. The electrostatic field distribution inside the triode 
gun has a focusing action to the emitted electrons generating a crossover that is 
located between the Wehnelt cylinder and the anode. 
The work function of tungsten is relatively high. Lanthanum hexaboride 
(LaB6) has a significantly lower work function and can therefore emit greater 
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current densities at lower temperature (Tc = 1900 K). The LaB6 cathode consists 
of a small piece of an LaB6 single crystal with a tip radius typically of about 1 μm. 
The single crystal is supported by a nonreactive material and is resistively 
heated. It seems worth mentioning that (1) in the cathode chamber the operation 
of a LaB6 requires a vacuum better than 10
−4 Pa to avoid cathode contamination 
(tungsten cathode: about 10−3 Pa) and (2) its alignment is critical. 
 
3.3.2. Electron lens 
 
The electrons emerge from the electron gun as a divergent beam. 
Electromagnetic lenses and apertures in the microscope column reconverge and 
focus the beam into a demagnified image of the first crossover generated by the 
gun. 
Electron lenses are designed to act in a manner emulating that of an optical 
lens, by focusing parallel rays at some constant focal length (Fig. 38). Lenses 
may operate electrostatically or magnetically. The majority of electron lenses for 
TEM utilize electromagnetic coils to generate a convex lens. For these lenses the 
field produced for the lens must be radially symmetric, as deviation from the 
radial symmetry of the magnetic lens causes aberrations such as astigmatism, 
and worsens spherical and chromatic aberration. Electron lenses are 
manufactured from iron, iron-cobalt or nickel cobalt alloys, such as perm alloy. 
These are selected for their magnetic properties, such as magnetic saturation, 
hysteresis and permeability. 
 
Fig. 38. Scheme of TEM polepiece lens. 
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The components include the yoke, the magnetic coil, the poles, the pole 
piece and the external control circuitry. The pole piece must be manufactured in a 
very symmetrical manner, as this provides the boundary conditions for the 
magnetic field that forms the lens. Imperfections in the manufacture of the pole 
piece can induce severe distortions in the magnetic field symmetry, which induce 
distortions that will ultimately limit the lenses' ability to reproduce the object plane. 
The exact dimensions of the gap, pole piece internal diameter and taper, as well 
as the overall design of the lens is often performed by finite element analysis of 
the magnetic field, whilst considering the thermal and electrical constraints of the 
design.  
The coils which produce the magnetic field are located within the lens yoke. 
The coils can contain a variable current, but typically utilize high voltages, and 
therefore require significant insulation in order to prevent short-circuiting the lens 
components. Thermal distributors are placed to ensure the extraction of the heat 
generated by the energy lost to resistance of the coil windings. The windings may 
be water-cooled, using a chilled water supply in order to facilitate the removal of 
the high thermal duty. 
 
3.3.3. Specimen stage 
 
TEM specimen stage designs include airlocks to allow for insertion of the 
specimen holder into the vacuum with minimal increase in pressure in other 
areas of the microscope. The specimen holders are adapted to hold a standard 
size of grid upon which the sample is placed or a standard size of self-supporting 
specimen. Standard TEM grid sizes are a 3.05 mm diameter ring, with a 
thickness and mesh size ranging from a few to 100 μm. The sample is placed 
onto the inner meshed area having diameter of approximately 2.5 mm. Usual grid 
materials are copper, molybdenum, gold or platinum. This grid is placed into the 
sample holder, which is paired with the specimen stage. A wide variety of designs 
of stages and holders exist, depending upon the type of experiment being 
performed. In addition to 3.05 mm grids, 2.3 mm grids are sometimes, if rarely, 
used. These grids were particularly used in the mineral sciences where a large 
degree of tilt can be required and where specimen material may be extremely 
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rare. Electron transparent specimens have a thickness around 100 nm, but this 
value depends on the accelerating voltage. 
 
3.3.4. Cryo-TEM 
 
Cryo-transmission electron microscopy (cryo-TEM) is a form of transmission 
electron microscopy (TEM) where the sample is studied at cryogenic 
temperatures. Cryo-electron microscopy (cryo-TEM) is increasingly becoming a 
mainstream technology for studying the architecture of cells, viruses, protein 
assemblies and polymers at molecular resolution.  
In cryo-TEM the sample is spread on an electron microscopy grid and is 
preserved in a frozen-hydrated state by rapid freezing, usually in liquid ethane 
near liquid nitrogen temperature. By maintaining specimens at liquid nitrogen 
temperature or colder, they can be introduced into the high-vacuum of the 
electron microscope column. 
All AFM-measurements were performed by using Zeiss Libra 120 
transmission electron microscope. 
3.4. Scanning electron microscopy (SEM) 
 
Scanning electron microscopy (SEM) can be used for the characterization of 
surface morphology due to an excellent visualization of the specimens and a high 
resolution down to the nanometer scale. 
Modern scanning electron microscopes consist of two main components: the 
microscope column and the control console (PC) (Fig. 39). The microscope 
column consists of the electron gun (with the components cathode, Wehnelt 
cylinder, anode), one or two condenser lenses, two pairs of beam deflection coils 
(scan coils for X, Y deflection), the objective lens, and some apertures 92. In the 
specimen chamber at the lower end of the microscope column are located the 
specimen stage and the detectors for the different signals generated by the 
electron–specimen interaction. The microscope column and the specimen 
chamber are evacuated using a combination of prevacuum and high vacuum 
pumps (usually oil diffusion pumps). The pressure in the specimen chamber 
typically amounts to about 10−4 Pa, allowing the beam electrons to travel from the 
60 
 
cathode to the specimen with little interaction with the residual gas molecules 91. 
The electronics console consists of the electric power supplies for the 
acceleration voltage (usual range about 0.5–30 kV) as well as the condenser and 
objective lenses, the scan generator, and electronic amplifiers for the different 
signals acquired. Modern SEMs use a PC to control the electron beam, to select 
the signals, and to record as well as to store the digital image(s). 
 
 
Fig. 39. Diagram of typical SEM 93 
The beam electrons are emitted from the cathode and accelerated by a 
voltage of 0.5–30 kV between the cathode and anode forming a smallest beam 
cross section—the crossover—near the anode with a diameter of about 10–50 
μm. This spot size is too large to produce a sharp image. Therefore, the 
crossover is demagnified by the lens system consisting of one or two condenser 
lenses and one objective lens and focused on the specimen surface. The 
objective lens has a variable relatively long focal length that allows a large 
working distance (WD; it corresponds to the distance between the specimen and 
lower pole piece) in the range of about 5–30 mm. This ensures that the various 
signals generated by the impinging beam electrons (Fig. 40) in the small 
specimen interaction volume can be collected by detectors located lateral above 
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the specimen with sufficient efficiency. Pairs of beam deflection coils located in 
front of the objective lens and controlled by a scan generator scan the electron 
probe line by line across a small area of the specimen. Simultaneously, the scan 
generator controls the deflection coil system of a monitor. 
 
Fig. 40. Schematic drawing of signals for a thin sample generated by the impinging 
electrons 91. 
The signals may vary from one location to another as the electron–specimen 
interaction changes due to, e.g., topography and specimen composition. The 
magnification of the image is given by the ratio of the length of the scan on the 
monitor and the corresponding length of the scan on the specimen. For example, 
an increase in magnification can simply be achieved by decreasing the current of 
the deflection coils in the microscope column (i.e., lowering the length of the scan 
on the specimen) and keeping the image size on the monitor constant. 
One of the greatest strengths of the SEM is the tremendous depth of focus, 
i.e., the range of heights of the specimen being simultaneously in focus. At 
magnifications that are comparable to those of light microscopy (e.g., 1000Ч) the 
SEM has a depth of focus that is about 100 times greater than that of an optical 
microscope. 
All scanning electron microscopy (SEM) micrographs were acquired on a 
Neon40 SEM (Zeiss), operating at 3 keV in the secondary electron and InLens 
modes. 
 
 
62 
 
3.5. Other methods 
 
3.5.1. Nuclear magnetic resonance 
 
1
H-NMR and 
13
C-NMR spectra were recorded on a Bruker DRX-500 
spectrometer operating at 500.13 MHz for 1H using CDCl3 as a solvent. The spectra 
were referenced on the solvent peak (δ(1H)=7.26 ppm and δ(13C)=77 ppm). 
 
3.5.2. Gel permeation chromatography (GPC)  
 
Polymers prepared by atom transfer radical polymerization (ATRP; 
polymerization conditions are described in specific experimental parts) in bulk 
solutions were characterized (Mn, Mw, PDI) by using Gradient HPLC HP Series 1100 
(Pump, Autosampler, RI- and DA-detection) (Agilent Technologies Inc., USA). 
Samples were prepared in chloroform and analyzed with UV254 or IR detectors. 
 
3.5.3. Dynamic light scattering 
 
In this work dynamic light scattering (DLS) measurements were performed using 
Zetasizer Nano S, (He-Ne-laser 4 mW, 632,8 nm), collecting the scattering 
information at 173° (back scattering), NIBSR-Technology, Malvern Instruments. At 
each measuring point 3 consecutive runs were performed where each run was 
composed of 15 individual measurements using a 20 sec integration time for each 
measurement.  
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4. Results and discussion 
4.1. Synthesis of molecular bottle brushes 
 
4.1.1. Introduction 
 
Synthesis of molecular bottle brushes with a controlled design is a very 
complex, multi-step and time consuming task. Firstly, one needs to realize the 
goal of having a particular bottle brush structure, and, secondly, one needs to 
understand the possibility of achieving the desired configuration of the side 
chains and the backbone. It was mentioned before in the literature overview that 
synthetically there are three methods for the synthesis of molecular brushes: 
“grafting through” (polymerization of macromonomers) 30, 46, 59, 94, “grafting to” 
(attachment of the side chains to the backbone) 95, 96, and “grafting from” (grafting 
the side chains from the backbone) 49, 52, 56 (Fig. 41). In this work, molecular bottle 
brushes obtained by the last two techniques (“grafting to” and “grafting from”) will 
be investigated and compared.  
 
Fig. 41. Synthetic methods for preparing molecular brushes by "grafting to", 
"grafting through", and "grafting from". 
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4.1.2. “Grafting to” approach 
 
“Grafting from” and “grafting through” techniques have been extensively used 
for the synthesis of various kinds of brush (co)polymers with different chemical 
compositions and chain sequence distributions. The synthesis of molecular 
brushes by controlled/living radical polymerization using the “grafting to” method, 
on the other hand, has been rarely reported and one can hardly find a real 
demonstration or even AFM pictures of the brushes obtained by this technique.  
In this chapter two strategies for the synthesis of molecular bottle brushes by 
the “grafting to” approach will be considered: one is based on pentafluorophenol 
chemistry, and another is a highly efficient and popular nowadays “click reaction” 
approach. 
 
4.1.2.1. Pentafluorophenol chemistry 
 
Polymers, which are synthesized from activated ester-containing monomers, 
could be used as a common substrate for postpolymerization modification. These 
polymers contain pendant leaving groups that can readily react with good 
nucleophiles such as amines under mild conditions (Fig. 42). One of these 
activated esters is pentafluorophenyl acrylate (PFPA), which is widely used as a 
“helping” agent for the introduction of functional groups into the polymer. 
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Fig. 42. Scheme of the reaction of polypentafluorophenol with amine. 
 
Experimental part 
Pentafluorophenylacrylate (PFPA) (1). Freshly prepared acryloyl chloride 
(14.8 g, 164 mmol) was added dropwise to a stirring solution of 
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pentafluorophenol (15.1 g, 82 mmol) and 2,6-lutidine (13.2 g, 123 mmol) in THF 
(200 ml) at 0°C. After 5 min stirring at the same temperature, the precipitate was 
filtrated and washed with THF (100 ml). Then, the solvent was removed under 
reduced pressure and the residue was purified with chromatography column, 
using petroleum ether as an eluent. Pentafluorophenyl acrylate was obtained as 
a colorless oil (16.7 g, 86%). 
1H NMR (δ, ppm, CDCl3): 6.16 dd (1H, JHH = 10.7 Hz and 0.9 Hz, Hb); 6.34 dd 
(1H, JHH = 17.3 Hz and 10.7 Hz, Ha); 6.70 dd (1H, JHH = 17.3 Hz and 0.9 Hz, He). 
13C NMR (δ, ppm, CDCl3): 125.1 m (1C, C1); 125.3 s (1C, CH); 135.4 s (1C, 
CH2), ca. 137.0 m; ca. 138.5 m; ca. 139.0 m; ca. 140.3 m; ca. 140.5 m; ca. 142.3 
m; 161.6 s (1C, CO). 
 
Poly(pentafluorophenylacrylate) (PPFPA) (2). A mixture of 5.0 g monomer, 
25 g dry benzene and 32.5 mg (0.27 mmol) azodiisobutyronitrile (AIBN) was 
placed into a Schlenk-flask and freeze-thawn three times. The flask was sealed, 
immersed in a preheated oil bath of 80 oC and kept there for 6 h. After removing 
most of the benzene the polymer was isolated by precipitation in methanol. The 
crude polymer was dissolved in benzene, precipitated again in methanol, 
centrifuged, and finally dried in a vacuum oven at 40 oC. 
Poly(pentafluorophenylacrylate) (4.0 g, 80%) was obtained as a white powder. 
1H NMR (δ, ppm, CDCl3): 2.10 br s (2H); 3.09 br s (1H) 
GPC data: Mn = 203600 g/mol; Mw = 395000; PDI = 1.94 
 
N-t-Butoxycarbonyl-1,2-diaminoethane (3). A solution of ethylenediamine 
(10 g, 0.167 mol) in dichloromethane (100 ml) was added to a 500 ml flange flask 
cooled in an ice/salt bath (-5 to -3 oC) fitted with a condenser, mechanical stirrer, 
and a nitrogen inlet. A solution of BOC-anhydride (11.25 g, 0.042 mol) in 
dichloromethane (100 ml) was added dropwise during 1 h of stirring. The mixture 
was allowed to warm up to room temperature and was stirred overnight (16 h). 
The solvent was removed by rotary evaporation, and the addition of water (100 
ml) resulted in the precipitation of a white solid (N,N9-(bis-t-butoxycarbonyl)-1,2-
diaminoethane). It was filtered, the filtrate was saturated with sodium chloride, 
extracted with ethyl acetate (3 x 50 ml), and the combined organic fractions were 
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concentrated under reduced pressure to give a colorless oil (6.05 g, 0.038 mol, 
90%). 
1H NMR (δ, ppm, MeOH-d4): 1.45 s (9H, CH3); 2.60 br. s (2H, NH2); 2.80 m 
(2H, 3J = 6.81, CH2); 3.18 m (2H, 
3J = 6.81, CH2); 5.66 br. s (1H, NH). 
13C NMR (δ, ppm, MeOH-d4): 31.29 (CH3); 44.95 (CH2); 46.57 (CH2); 82.58 
(CCH3); 161.20 (CO). 
 
tert-butyl (2-[(2-bromo-2-methylpropanoyl)amino]ethyl)carbamate (4) 2-
bromoisobutyryl bromide (8.86 g, 0.039 mol) was slowly added at 0°C into a 
solution of (3) (4.1 g, 0.026 mol) in THF (40 mL) in the presence of triethylamine 
(4.0 g, 0.040 mol). The reaction was left for 48 h with continuous stirring at room 
temperature. Triethylammonium bromide was formed as a white precipitate and 
filtered off. After removal of the solvent under vacuum, a yellow solid was 
dissolved in methanol and precipitated into water saturated with Na2CO3, yielding 
7.28 g of 4 (yield 92%). 
1H NMR (δ, ppm, CDCl3): 1.45 s (9H, CH3); 1.95 s (6H, CH3); 3.33 m (2H, 
CH2); 3.37 m (2H, CH2); 4.92 br. s (1H, NH); 7.24 br. s (1H, NH). 
13C NMR (δ, ppm, CDCl3): 28.39 (CH3); 32.31 (CH3); 39.79 (CH2); 41.37 
(CH2); 59.17 (CCO); 80.35 (CO); 156.53 (OCONH); 169.12 (CONH). 
 
pNIPAM side chains (5a). 2 g of N-isopropylacrylamide were dissolved in 2 
ml of dioxane. Then, 60 mg of initiator (4), 32 μl of a 0,1 M copper(II) bromide 
solution in DMF, and 32 μl of a 0,5 M N,N,N’,N’’,N’’-
pentamethyldiethylenetriamine solution in DMF were added. To remove the 
excess of oxygen, the reaction mixture was purged with argon for 10 min. After 
the addition of ascorbic acid (50 μl), the flask was heated up to 70 °C in an oil 
bath for 30 min. To remove copper, the resulted mixture was diluted with THF 
and passed through basic Al2O3. The filtrate was concentrated and precipitated in 
diethyl ether in order to obtain pure the polymer (1.7 g, 85%).  
GPC data: Mn = 25600 g/mol; Mw = 40900; PDI = 1.60 
 
ptBA side chains (5b). The same procedure was carried out with a tBA 
monomer, the reaction time being 1 hour and the polymer was then precipitated 
in a water-methanol mixture (50/50) (1.6 g, 80%). 
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GPC data: Mn = 20300 g/mol; Mw = 33200; PDI = 1.64. 
 
Cleavage of Boc-groups (6). A stirred solution of the polymer (5) (1.7 g) in 
ethyl acetate (30 ml) was acidified to pH 1 by a dropwise addition of concentrated 
hydrochloric acid. After 30 min at room temperature the solvent was removed 
under reduced pressure, the residue was dissolved in chloroform and precipitated 
in diethyl ether (1.5 g, 88%).  
 
pNIPAM brush (7). A solution of the side chains (0.5 g) in THF (40 ml) was 
added dropwise to a solution containing the backbone (2) (5 mg) and 
triethylamine (3 μl) in 15 ml dry THF. The mixture was stirred for 24 h at 50 oC 
under a nitrogen atmosphere, then concentrated under vacuum and precipitated 
in diethyl ether. The filtered product was finally dried in a vacuum oven at 40 oC 
(0.9 g, 90%). 
 
Results and discussion 
Synthesis of the molecular bottle brushes through pentafluorophenol, as it is 
illustrated in Fig. 43, is divided into four steps: (i) synthesis of the initiator for the 
side chains, (ii) synthesis of the side chains of a certain length, (iii) synthesis of 
the backbone and (iv) synthesis of the desired polymer bottle brush. 
The monomer for the backbone was obtained by the reaction of 
pentafluorophenol with acryloyl chloride in anhydrous THF in the presence of 2,6-
lutidine (Fig. 43). Here, the latter served as a base to remove hydrochloric acid 
generated during the reaction course. Purification of the reaction mixture yielded 
the desired monomer as a colorless, not air-sensitive, and relatively robust 
against hydrolysis liquid. The structure of the resulted substance was confirmed 
by 1H NMR, where three signals related to the three protons near the double 
bond were found (Fig. 44). The 13C NMR showed three clear singlets from two 
atoms of the double bond and a carbonyl group. Seven other signals are referred 
to the aromatic ring: one from the atom bounded to the oxygen and six from the 
five atoms connected to the fluorine (due to the symmetry of the ring only three of 
five atoms give a signal and they are coupled because of the fluorine, Fig. 44).  
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Fig. 43 Scheme of the synthesis of a molecular bottle brush by the "grafting to" 
approach using pentafluorophenyl chemistry on the example of pNIPAM. 
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Fig. 44 1H NMR and 13C NMR spectra of the PFPA monomer. 
Unfortunately, polymerization of the PFPA by ARGET ATRP was not 
successful. The reaction mixture didn’t thicken up with the time and the polymer 
didn’t precipitate in methanol. Therefore, we used free radical polymerization, 
which allowed a yield of 86%. Molecular weight of the resulted polymer was 
measured by GPC and it was found to be 200000 g/mol with a PDI of 1.94. It 
corresponds to an approximate length of a fully stretched polymer chain (around 
200 nm), assuming that the length of the monomer unit equals 0.25 nm. 
The initiator for the side chains was prepared in a two-step synthesis. Firstly, 
one of the amino groups in ethylenediamine was protected with tert-
butoxycarbonyl (Fig. 43). Then the initiation part of the molecule was built by 
introducing the fragment containing a bromine atom. For that purpose, the 
reaction of N-t-Butoxycarbonyl-1,2-diaminoethane with 2-bromoisobutyryl 
bromide was carried out. The obtained compounds were investigated with 1H 
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NMR, where one can clearly see the consecutive appearance of the tert-butyl 
group from Boc2O molecule and the group containing the bromine atom from 2-
bromoisobutyryl bromide (Fig. 45). 13C NMR also shows logical increasing of the 
amount of the peaks after each reaction, which confirms the composition of the 
resulted molecule (Fig. 45). 
 
Fig. 45. 1H NMR and 13C NMR spectra of the N-t-Butoxycarbonyl-1,2-diaminoethane 
(3) and tert-butyl (2-[(2-bromo-2-methylpropanoyl)amino]ethyl)carbamate (4). 
Synthesis of the side chains was conducted using ARGET ATRP. The 
resulted polymers had Mw = 40900 g/mol with PDI = 1.60 and a yield of 85% for 
pNIPAM and Mn = 20300 g/mol with PDI = 1.64 and a yield of 80% for ptBA. The 
polymers were analyzed by 1H NMR in order to find relatively intensive Boc-
groups at the end of each chain. They were supposed to remain after the 
polymerization process and show that there were still amino-groups to be 
obtained. Unfortunately these groups were not clearly found. The signals of the 
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Boc-group intersected with the signals of the pNIPAM and ptBA. The high 
polymerization degree of the polymers didn’t allow observing the shifts in the 
spectra. Nevertheless, further modification of the polymers was conducted 
“blindly”. They were treated with hydrochloric acid in ethylacetate. A formation of 
precipitation was observed in case of ptBA, which was identified as pAA. It 
means that the tBA-group was simply cleaved during the reaction procedure, and 
therefore pAA was formed. pNIPAM, however, was precipitated in ether and 
further used in the “grafting to” reaction. 
The final step was mixing of the presynthesized backbone and the side 
chains in appropriate ratios (one monomer unit of the backbone per one polymer 
side chain) in the presence of triethylamine. DLS measurements of the obtained 
pNIPAM molecular bottle brush showed interesting results (Fig. 46). It was found 
that there is a fraction with high molecular weight present in the solution, but 
there were two signals instead of one. The very left peak in the graph (Fig. 46), 
corresponds to the peak of the pure pNIPAM side chains. It displays that there 
are still some side chains left in the polymer mixture. It probably happened 
because not of all the side chains reacted with the backbone due to the steric 
repulsion between the bulky side chains. 
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Fig. 46. DLS measurments of the pNIPAM bottle brushes. 
For the AFM measurements the polymer brush was adsorbed from water 
solution on a freshly cleaved mica sheet (Fig. 47). The AFM results showed that 
the obtained brushes were very thin and could be barely visible on the height 
image. However, from the profile of the brush one can observe that at the point of 
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its maximum thickness the height goes up to 6 - 7 Å (Fig. 47). From these 
numbers it is possible to determine the volume of the one single brush (the length 
of the molecule was estimated to be 200 nm): 
𝑉 = 𝑆𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑙 = 9 𝑛𝑚
2 × 200 𝑛𝑚 = 1800 𝑛𝑚3 
Considering the roughness of the mica surface this could only be a rough 
estimation of the size of the molecule, because the resolution of objects of this 
volume is just a little bit above the limits of determination. Nonetheless, this is a 
satisfying demonstration of the fact that the molecular bottle bushes could be 
obtained by the “grafting to” procedure through pentafluorophenol derivatives. 
They may have a low grafting density, but it could be explained by either steric 
repulsion between bulky side chains or by poor reactivity of the end group of the 
side chains with the active groups in the backbone. 
 
Fig. 47. AFM pctures of pNIPAM brushes by the “grafting to” approach. 
Preparation of bottle brushes using this technique showed good results. It 
provides a complete control and design of the brush architecture. One can easily 
build side chains with different chemical composition or even mix different side 
chains in order to obtain mixed bottle brushes. However, this method has some 
drawbacks. As it was mentioned above, free radical polymerization was used for 
the polymerization of the backbone. Therefore, it is very difficult to achieve 
narrow polydispersity of the polymer, which makes it complicated to prepare 
molecular bottle brushes with identic lengths of the backbone. There is a chance 
to improve it by using RAFT polymerization or even anionic polymerization. 
Another shortcoming of this approach is the cleaving of the protection group from 
the end of the polymer side chain. The conditions of the reaction are very tough 
73 
 
and not all the polymers can stand this treatment. For example, modification of 
poly(tert-butyl acrylate) side chains yields poly(acrylic acid). Therefore, it was 
considered to use some other methods in order to make molecular bottle brushes 
by “grafting to” procedure. 
 
4.1.2.2. Click chemistry 
 
“Click reaction” is an organic Cu(I)-catalyzed 1,3-dipolar cycloaddition 
reaction between an azide and an alkyne 97. This reaction has gained a great 
deal of attention due to its high specificity and nearly quantitative yields in the 
incorporating of many functional groups into different substance 98. Click 
reactions have been widely used as a versatile method for the synthesis of 
functional monomers 99, functional polymers 36, 46, 100, 101, bioconjugated polymers 
102, 103, 104, and polymers with complex topologies 105, 106, 107. 
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Fig. 48 General scheme of a click chemistry reaction for the synthesis of bottle 
brushes. 
By using click reactions, molecular brushes can be synthesized by two 
strategies. One is to use an alkyne-containing polymeric backbone to react with 
azido-terminated polymeric side chains. The opposite approach is based on the 
reaction of an azido-functionalized backbone with alkyne-terminated side chains. 
In this paper, the latter strategy is applied to prove the feasibility of click reactions 
the for synthesis of molecular brushes (Fig. 48). 
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Experimental part 
 
p(HEMA-TMS), 2-(Trimethylsilyloxy)ethyl methacrylate (8). Ethylene 
bis(2-bromoisobutyrate) (4.9 mg, 0.0136 mmol) and dNbpy (25.3 mg, 0.062 
mmol) were mixed in a Schlenk flask. The mixture was purged with argon three 
times, and deoxygenated HEMA-TMS (5 g, 24.71 mmol) and DMF (1.5 ml) were 
transferred into the flask using a cannula. The resulting solution was degassed by 
three freeze–pump–thaw cycles. The mixture was stirred for 30 min at room 
temperature, and after that CuBr (4.5 mg, 0.031 mmol) was added. The flask was 
placed in a thermostatted oil bath at 70 oC. After 15 hours the polymerization was 
stopped by cooling the mixture to room temperature and opening the flask. The 
mixture was diluted with THF and passed through basic Al2O3. The solvent and 
the rest of the monomer were removed using a rotary evaporator, and the 
resultant polymer was dried in an oven at 40 oC under high vacuum (yield 82%). 
1H NMR (δ, ppm, CDCl3): 0.14 s (9H, Si-CH3); 0.90-1.05 overlapped (3H, 
CH3); 1.81-1.90 overlapped (2H, CH2); 3.75 br. s (2H, CH2); 4.00 br. s (2H, CH2). 
 
pBPEMA, poly(2-bromopropionylethylmethacrylate) (9). 
Tetrabutylammonium fluoride (0.013 g, 0.05 mmol) was added dropwise to a 
mixture of pHEMA-TMS (1 g, 4.95 mmol) and KF (0.287 g, 4.95 mmol) in 
anhydrous THF (50 ml), followed by a slow addition of 2-bromopropionyl bromide 
(1.6 g, 7.43 mmol) over a course of 30 min. The reaction mixture was stirred 
overnight at room temperature and precipitated in methanol–ice (80/20 v/v%). 
The obtained precipitate was dissolved in chloroform, passed through basic Al2O3 
and reprecipitated in hexane. The polymer was dried in a vacuum oven at 30 oC. 
0.84 g of pBiBEMA were obtained (60.8%). 
1H NMR (δ, ppm, CDCl3): 0.82-1.01 overlapped (3H, CH3); 1.75-1.91 
overlapped (2H, CH2); 1.79 d (3H, CH3); 4.14 br. s (2H, CH2); 4.32 br. s (2H, 
CH2); 4.41 m (1H, CHBr). 
GPC data: Mn = 208800 g/mol; Mw = 292400; PDI = 1.40. 
 
pAPEMA, poly(2-azidopropionylethylmethacrylate) (10). 0.20 g (3 mmol) 
NaN3 was added to the solution of pBiBEMA (0.84 g) in anhydrous DMF (20 ml). 
The mixture was stirred overnight. Then it was concentrated and precipitated in 
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methanol-ice (80/20 v/v%). The resulted polymer (0.61 g 84%) was dried in a 
vacuum oven at 30 oC 
1H NMR (δ, ppm, DMSO-d6): 0.80-0.96 overlapped (3H, CH3); 1.39 d (3H, 
CH3); 1.75-1.88 overlapped (2H, CH2); 4.14 br. s (2H, CH2); 4.26 m (1H, CHBr); 
4.35 br. s (2H, CH2). 
 
2-Propynyl-2-Bromo-2-methylpropanoat (11). Solution of 3.0 g (0.053 mol) 
of propargyl alcohol and 4.3 g (0.053 mol) pyridine in 15 mL of dry ether was 
added to a solution of the α-bromoisobutyryl bromide (2) (10.3 g, 0.045 mol) in 20 
mL of anhydrous ether cooled down to 0 oC under nitrogen. The reaction mixture 
was allowed to warm up to room temperature and was stirred overnight. The 
product mixture was washed with water (2 X 20 mL), 5% bicarbonate (3 x 30 mL), 
5% HCl (2 X 30 mL), and brine (30 mL), dried over MgSO4, and concentrated. 
Distillation provided 6.5 g (0.032 mol, 63%) of ester. 
1H NMR (δ, ppm, CDCl3): 1.96 s (6H, CH3); 2.51 t (1H, 
4J = 2.52 Hz, CH); 
4.77 d (2H, 4J = 2.52 Hz, CH2). 
13C NMR (δ, ppm, CDCl3): 30.67 (CH3); 53.43 (CH2); 54.91 (CCH3); 75.41 
(CH); 76.90 (CCH); 170.91 (CO). 
 
Side chain (12). Side chains were synthesized using the same technique as 
it was described for the pentafluorophenol method, but 2-Propynyl-2-Bromo-2-
methylpropanoat 8 was used as an initiator. 
pNIPAM: GPC data: Mn = 8400 g/mol; Mw = 12500; PDI = 1.49 (yield 87%). 
ptBA: GPC data: Mn = 7700 g/mol; Mw = 13000; PDI = 1.69 (yield 82%). 
pnBA: GPC data: Mn = 6400 g/mol; Mw = 11500; PDI = 1.80 (yield 75%). 
 
Bottle brush (13). 1 g of side chains was dissolved in 2 ml of DMF. To 
remove the excess oxygen the reaction mixture was purged with argon for 30 
min. Then 23 mg of pAiBEMA (10) were added along with 15 mg CuBr and 21 μl 
of a 0,5 M solution of N,N,N’,N’’,N’’-pentamethyldiethylenetriamine in DMF. The 
reaction was allowed to proceed at 50 °C in an oil bath for 24 hours. To remove 
copper the resulted mixture was diluted with THF and passed through basic 
Al2O3. The filtrate was concentrated and precipitated in the solvent suitable for 
the given polymer. (0.87 g, 87%). 
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Results and discussion 
 
The synthesis of the molecular bottle brushes using click chemistry, as it is 
seen from Fig. 49, was divided into four steps: (i) synthesis of an initiator for the 
side chains, (ii) synthesis of the side chains of a certain length, (iii) synthesis of 
the backbone and (iv) synthesis of the desired polymer bottle brush. 
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Fig. 49. Scheme of the pNIPAM molecular bottle brush synthesis by the "grafting to" 
approach using click chemistry. 
The backbone was obtained from the HEMA-TMS monomer using ATRP with 
a yield of 82%. Resulted polymer was investigated with 1H NMR, where one can 
clearly observe an appearance of broad shifts of the hydrogen atoms of the main 
chain linker at 3.75 ppm and 4.00 ppm, and a TMS-group at 0.14 ppm. pHEMA-
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TMS was then converted into a macrointiator by a sequential removal of the TMS 
protecting group using tetrabutylammonium fluoride, followed by a reaction with 
2-bromopropionyl bromide. 1H NMR of the polymer proved a complete 
substitution of all TMS groups with the groups of the initiator. All proton signals 
from the TMS-group disappeared form the spectra, protons of the linker shifted to 
the values of 4.14 ppm and 4.32 ppm, and new signals from the methyl-group 
and CHBr-group appeared. GPC results of the polymer showed an average 
molecular weight of 208800 g/mol with PDI = 1.40. As the next step, modification 
of pBPEMA was conducted using sodium azide dissolved in DMF in order to 
substitute bromine atoms with azido-groups. Complete termination of the reaction 
was confirmed by 1H NMR spectrum. It showed the displacement of the hydrogen 
shift of the CHBr-group from the value of 4.41 ppm to 4.26 ppm, and of the 
methyl group from 1.79 ppm to 1.39 ppm. The obtained polymer was unstable 
and had a tendency to crosslink, therefore, it was kept in the freezer. 
 
Fig. 50. 1H NMR spectra of pHEMA-TMS, pBPEMA and pAPEMA. 
Synthesis of the side chains was similar to the one described earlier in the 
“pentafluorofenol chemistry” chapter. Firstly, the initiator was obtained by the 
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reaction between propargyl alcohol and bromoisobutyril bromide. 1H NMR and 
13C NMR showed reasonably high purity of the substance, and all signals in the 
spectra were in good correlation with the structural formula of 2-propynyl-2-
bromo-2-methylpropanoat (Fig. 51).  
 
Fig. 51. 1H and 13C NMR spectra of 2-propynyl-2-Bromo-2-methylpropanoat. 
2-propynyl-2-bromo-2-methylpropanoat was then used as an initiator in the 
synthesis of side chains for molecular bottle brushes. Thus, pNIPAM (Mn = 8400 
g/mol with PDI = 1.49 and a yield of 87%), ptBA (Mn = 7700 g/mol with PDI = 1.69 
and a yield of 82%), and pnBA (Mn = 6400 g/mol with PDI = 1.80 and a yield of 
75%) were obtained using ARGET ATRP. Variety of side chains was needed to 
provide a possibility for the synthesis of heterograft bottle bushes. 
The final step was mixing of the presynthesized backbone and the side 
chains in corresponding ratios (one polymer unit of the backbone per one side 
chain). Thereby, pNIPAM, ptBA, pnBA, as well as a mixed bottle brush pNIPAM-
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ptBA, were obtained. They all were investigated using DLS and AFM 
measurements. The DLS results showed two peaks: one corresponded to a 
hydrodynamic radius of 30 nm and another to 200 nm (Fig. 52). After comparison 
of these outcomes with DLS results for the initial polymer, it was discovered that 
there are still some separate side chains present in the brushes. As it was 
mentioned above, it is typical for the “grafting to” procedure that some of the side 
chains remain unreacted. It happens mostly due to steric factors, because it is 
difficult for the active group at the end of each side chain to penetrate to the 
backbone, especially when some of the side chains have already been attached 
to it. 
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Fig. 52. DLS measurments of the pNIPAM bottle brushes. 
For the AFM measurements the polymer brush was adsorbed from a water 
solution on a freshly cleaved mica sheet (Fig. 53). The images obtained from 
AFM showed that the height of the molecular bottle brushes prepared using a 
click-chemistry reaction is nearly twice as thickr (1.4 nm) as the length of the 
ones obtained using pentafluorophenol chemistry (0.8 nm). This difference could 
be explained by the better efficiency of the coupling reaction compared to the 
reaction of nucleophilic substitution. 
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Fig. 53. Mixed bottle brushes using the "grafting to" approach. 
From the height data one can determine the volume of one single brush (the 
length of the molecule was estimated to be 200 nm): 
𝑉 = 𝑆𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑙 = 12 𝑛𝑚
2 × 200 𝑛𝑚 = 2400 𝑛𝑚3 
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The contour length of the bottle brushes was estimated from AFM images 
(Fig. 54). 
 
Fig. 54. Length distribution of bottle brushes. 
The obtained results were used for the evaluation of the length distribution 
and length polydispersity. It was found that the contour length of bottle brushes 
obtained from AFM images (163 nm for ptBA, 156 nm for pnBA, and 139 nm for 
pNIPAM-ptBA) is slightly smaller than that calculated from GPC results for the 
backbone (197 nm). The polydispersity of the chain length distribution obtained 
from GPC is higher than that obtained from AFM (Table 1). 
Table 1. Length characteristics of ptBA, pnBA and pNIPAM-ptBA brushes. 
Sample 
AFM GPC of the backbone 
𝐿𝑁̅̅̅̅ , nm
1 𝐿𝐿̅̅ ̅, nm
2 PDI L (contour), nm PDI 
ptBA 163 174 1,07 
197 1.4 pnBA 156 168 1,08 
pNIPAM-ptBA 139 156 1,12 
The pNIPAM-ptBA brushes were separated from linear PNIPAM chains by 
precipitation in a water-methanol mixture, because they could have stayed in the 
resulted solution and thus interfere with the determination of the molecular bottle 
brush composition. In fact, PNIPAM is soluble and ptBA is not soluble in these 
solvent mixtures. We observed a formation of a precipitate, which was an indirect 
indication of the fact that the bottle brush contains ptBA chains. 1H NMR analysis 
of the brushes showed the presence of both monomer units in the sample, which 
makes it clear, that mixed bottle brushes were indeed obtained (Fig. 55). The 
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composition of the brushes was calculated by integration of the peaks on the 
spectrum. It was found that the ratio of pNIPAM to ptBA was 1.60 to 1. 
 
Fig. 55. 1H NMR of pNIPAM-ptBA mixed bottle brushes. 
 
4.1.3. The “grafting from” approach 
 
The “grafting from” approach is one of the most widely used techniques 
nowadays for the preparation of molecular bottle brushes (Fig. 56). It may provide 
poor control over the length of the side chains, but it can result in their very high 
grafting density and good yields of the resulted brushes without any side 
products. It is probably one of the easiest ways to produce polymer brushes, if 
compared to all of the other methods.  
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Fig. 56. Main strategy of the molecular bottle brush synthesis using the "grafting 
from" procedure. 
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Experimental part 
 
p(HEMA-TMS), 2-(Trimethylsilyloxy)ethyl methacrylate. It was 
synthesized according to a procedure described in the previous chapter 
“synthesis of bottle brushes by the “grafting to” procedure”. 
 
pBiBEMA, poly(bromo-isobutyrylethylmethacrylate). The synthesis was 
the same as in the “grafting to” procedure, but 2-bromoisobutyryl bromide was 
used instead of 2-bromopropyonilbromide. 
1H NMR (δ, ppm, CDCl3): 0.90-1.08 overlapped (3H, CH3); 1.84-1.93 
overlapped (2H, CH2); 1.97 s (6H, CH3); 4.21 br. s (2H, CH2); 4.37 br. s (2H, 
CH2). 
 
pNIPAM brushes. In a 10 ml test tube N-isopropylacrylamide (NIPAM) (2 g, 
12.74mmol), anhydrous THF (2ml), copper(II) bromide (32 μl of a 0.1M solution in 
DMF), N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (32 μl of a 0.5M solution in 
DMF), pBiBEMA (5 mg, 0.018 mmol) and ascorbic acid (50 μl of a 1M solution in 
DMF) were mixed. The test tube was placed in a thermostatted oil bath at 70 oC. 
After 30 min the reaction was stopped by cooling down to room temperature and 
opening the test tube. The resultant mixture was diluted with THF, passed 
through basic Al2O3 and precipitated in diethyl ether. The obtained polymer was 
dried in a vacuum oven at room temperature (1.3 g, yield 65%). 
 
pDMAEMA brushes. The same procedure was employed as described for 
the pNIPAM bottle brushes with a difference that the polymerization continued for 
20 min and the resultant polymer was precipitated in hexane (0.12 g, yield 
6.28%) 
 
pTMAEMA brushes. pDMAEMA bottle brushes (0.5 g, 3185 mmol) were 
dissolved in ethanol (10ml), followed by an addition of methyliodine (3 ml). The 
flask was heated up with a heat gun until the whole polymer precipitated. The 
mixture was filtered and the obtained polymer was dried in a vacuum oven at 40 
oC (0.85 g, yield 89.26%). 
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ptBA brushes. The same procedure was used as described for the 
pDMAEMA bottle brushes with a difference being that the polymerization 
continued for 20 min and the resultant polymer was precipitated a in water–
methanol 50/50 mixture (yield 18.54%). 
 
pAA brushes. ptBA bottle brushes (0.5 g, 3.9 mmol) were dissolved in 
toluene (15 ml), followed by a dropwise addition of trifluoroacetic acid (7 ml) over 
a course of 15 min. The mixture was stirred overnight at room temperature. The 
obtained precipitate was filtered and washed with diethyl ether. The polymer was 
dried in a vacuum oven at 40  oC (0.26 g, yield 93.95%). 
 
Results and discussion 
 
pNIPAM, pDMAEMA, pTMAEMA, ptBA, and pAA molecular bottle brushes 
were synthesized according to the “grafting from” approach using modified 
pHEMA polymer as a backbone. Firstly, HEMA-TMS was synthesized by ATRP 
using ethylene bis(2-bromoisobutyrate) as an initiator (Fig. 57). p(HEMA-TMS) 
was then converted into a macroinitiator (pBiBEMA) by a sequential removal of 
the TMS protecting group, followed by a reaction with bromoisobutyril bromide 
(Fig. 57). The obtained macroinitiators (pBiBEMA) had three different molecular 
weights (Table 2), which was controlled by varying the ratio between the 
monomer (HEMA-TMS) and the initiator used for polymerization 
(Initiator:Monomer = 1:2000; 1:1000; 1:500). The molecular weights of the 
obtained polymers were measured by GPC and were further used to estimate the 
contour length of the fully extended macroinitiator chains. It was done by a simple 
division of the average number molecular weight of the polymer by the molecular 
weight of a single unit and multiplying the result with 0.25 nm, which is the length 
of the unit (Table 2). 
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Fig. 57. Scheme of the synthesis of molecular bottle brushes using the "grafting 
from" approach. 
Table 2. Molecular weight and the estimated length of the macroinitiator. 
Name Mn, kg/mol Mw, kg/mol PDI N units L (contour), nm 
pBiBEMA_400 576 976 1.69 2066 413 
pBiBEMA_200 282 390 1.38 1011 202 
pBiBEMA_100 149 178 1.2 532 106 
AFM investigation of block copolymer brushes was performed in order to 
prove the calculations based on the GPC analysis. It is clearly seen from the 
AFM pictures that the length of the macronitiator calculated from GPC analysis 
almost completely matches the length of the brushes on the mica surface. 
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Fig. 58. AFM images of pNIPAM brushes of different lengths, their contour length 
distribution and average values. 
In the next step, the synthesized macroinitiators (pBiBEMA) were used for 
the preparation of polyelectrolyte molecular bottle brushes: pAA and pTMAEMA. 
pAA brushes were obtained in a two-step reaction: first, ATRP of tert-butyl 
acrylate was performed, and then the tert-butyl groups were removed by 
hydrolysis in trifluoroacetic acid (Fig. 57). pDMAEMA bottle brushes were 
synthesized by ATRP of DMAEMA and were further modified with iodomethane 
to yield charged pTMAEMA brushes. The synthesized bottle brushes were 
characterized by CryoTEM and AFM methods (Fig. 59). For the CryoTEM 
investigation pAA was positively stained with Cs+ ions. It was done by a treatment 
of the polyanion with equimolar quantities of Cs2CO3. pTMAEMA brushes have 
already contained iodine, and therefore there was no need for additional staining. 
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Fig. 59. AFM and CryoTEM images of pAA bottle brushes. 
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For the AFM measurements the polymer brushes were adsorbed from water 
solutions on freshly cleaved mica at pH = 7. It was found that pAA bottle brushes 
with short (pAA_100) and long (pAA_400) backbones are strongly extended, 
which is most probably due to strong electrostatic repulsion between the 
negatively charged pAA side groups (pKa = 4.5–5.5 108). pTMAEMA chains 
showed a more coiled conformation, a result which we expected based on the 
higher values of pKa for the side groups (pKa = 7.5 109), which leads to a lower 
charge density than in the case of pAA and thus to less stretched chain 
conformations. The contour length of the bottle brushes was estimated from AFM 
images (Fig. 60). The obtained results were used for the evaluation of the length 
distribution and length polydispersity. It was found that the contour length of 
bottle brushes with a long backbone (pAA_400 and pTMAEMA_400) obtained 
from AFM images is slightly smaller than that calculated from GPC results. On 
the other hand, the contour length values of short polymer chains from both AFM 
and GPC are in very good quantitative correlation. In general, polydispersity of 
the chain length distribution obtained from GPC is higher than that obtained from 
AFM (Table 3). 
 
Fig. 60. Length distribution of bottle brushes. 
 
 
 
 
 
 
 
 
89 
 
Table 3. Length characteristics of pTMAEMA and pAA brushes. 
Sample 
AFM GPC 
𝐿𝑁̅̅̅̅ , nm
3 𝐿𝐿̅̅ ̅, nm
4 PDI L (contour), nm PDI 
pTMAEMA_400 275 300 1.10 413 1.7 
pTMAEMA_100 110 116 1.05 106 1.2 
pAA_400 274 318 1.17 413 1.7 
pAA_200 180 189 1.07 202 1.4 
pAA_100 117 121 1.03 106 1.3 
Persistence length of the molecular bottle brushes could be estimated from 
AFM images using the Kratky-Porod equation in the framework of a wormlike 
chain (WCL) model 110, 111. This equation was used for the determination of the 
persistence length for the DNA molecules and was also applied for molecular 
bottle brushes 112. It shows a relation of the mean-square end-to-end distance 
<R2>, the contour length L, and the persistence length lp in two dimensions 
through a formula: 
〈𝑅2〉2𝐷 = 4𝑙𝑝𝐿 (1 −
2𝑙𝑝
𝐿
(1 − 𝑒
−
𝐿
2𝑙𝑝)) 
A different formula is obtained if a molecule on the surface is a projection from 3D 
space onto the x-y plane. The estimated values of the persistence length are 
given in Table 4. It was found that the calculated value of the persistence length 
is proportional to the length of the backbone (the shorter the backbone, the 
smaller the persistence length). This phenomenon can be readily explained by 
considering the fact that this equation cannot be applied for the rigid-rod-like 
molecules close to the rod limit, which is probably the case for short molecular 
brushes. Due to the small length of the backbone most of them are fully 
stretched, which makes them look like a rigid rod. Thus, the true persistence 
length of PTMAEMA and PAA bottle brushes is 45 and 175 nm respectively (the 
values were obtained for the longest chains) (Table 4). 
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Table 4. Contour length, end-to-end distance and persistence length of the 
molecular brushes calculated by using the WCL model. 
Sample name  L contour, nm End to end dist, nm 
persistence length (WCL 
model), nm 
PTMAEMA 400 275 157 45* 
PTMAEMA 100 110 105 50 
PAA 400 274 214 175* 
PAA 200 180 169 96 
PAA 100 117 115 60 
The WLC model has another drawback related to the interaction of the 
molecules with the substrate. It describes the molecule as a straight, relatively 
stiff rod made from a continuous, homogeneous, isotropic material. The elastic 
behavior of the chain is assumed to be purely entropic; i.e. at finite temperatures, 
thermal fluctuations induce local curvature in the polymer making it bend and 
deviate smoothly from the straight configuration. Therefore, it cannot fully 
describe the behavior of brush macromolecules on the surface. 
 
4.1.4. Combination of the “grafting to” and the “grafting from” 
approaches 
 
According to the scheme of the molecular brush synthesis using the “grafting 
to” approach (Fig. 49) one of the intermediate polymers on the way to obtain the 
backbone is pBPEMA. It can also be used as a macroinitiator in the molecular 
bottle brush synthesis using the “grafting from” approach (Fig. 61). Therefore, it 
was used to synthesize the pNIPAM brush in order to compare polymers 
obtained by different techniques. In Fig. 62 one can observe that the “grafting 
from” in contrast to the “grafting to” procedure, shows higher polymer density of 
the brushes, which can be estimated by comparing the brush thicknesses. The 
result is rather obvious, because high grafting density in the “grafting from” 
approach is achieved by simultaneous growth of the side chains from each unit of 
the backbone, however, in the “grafting to” technique the grafting density 
depends on the mobility and reactivity of the functional end of the presynthesized 
side chain. 
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Fig. 61. "Grafting from" and "grafting to" approaches from one macrointiator. 
 
Fig. 62. pNIPAM brush obtained by (A) "grafting to" and (B) "grafting from" 
technques. 
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Volume of the brushes obtained by the “grafting from” technique can be 
calculated from their cross-sections in the AFM images (the length of the brush 
was estimated to be 200 nm): 
𝑉 = 𝑆𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑙 = 100 𝑛𝑚
2 × 200 𝑛𝑚 = 20000 𝑛𝑚3 
Comparison of molecular bottle brush volumes synthesized by different 
techniques can give a good representation of the polymer side chain grafting 
densities. It is illustrated in Table 5 that with the “grafting from” procedure one 
can achieve highly dense molecular brushes with a volume 10 times bigger than 
with any other approaches. Brushes obtained from pentafluorophenol and “click 
chemistry” have rather low density, but nevertheless can still be viewed by AFM. 
Table 5. Comparison of volumes of molecular bottle brushes obtained by different 
techniques (the length of one single brush is 200 nm) 
Technique Scross-sec, nm
2 Volume, nm3 
pentafluorophenol chemistry 9 1800 
"click chemistry" reaction 12 2400 
"grafting from" 100 20000 
 
4.1.5. Conclusion 
 
As it has already been told in literature overview that the synthesis of 
molecular bottle brushes using “grafting to” approach was rarely reported and it 
was difficult to find any prove (for instance AFM pictures) of the brushes obtained 
in that way. Here, in this chapter, we have proposed two different methods of the 
molecular bottle brush synthesis. The AFM pictures clearly demonstrate that 
brushes indeed can be obtained by nucleophilic substitution and “click chemistry” 
reaction of the side chains with a backbone. Both methods showed efficient 
results and demonstrated high reactivity of the backbone with the end groups of 
the side chains. However, preparation of the side chains through the first 
approach was rather difficult. Not all the polymers could withstand tough 
conditions for the amino-group preparation. Measurements of the brush 
thicknesses showed an advantage of the “click chemistry” approach, because it 
represents a higher grafting density of the molecular bottle brushes then in the 
pentafluorophenol reaction. Moreover, mixed bottle brushes on the example of 
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pNIPAM-ptBA were produced using “click chemistry”, which showed a possibility 
to apply this method in the preparation of more complex structures. 
The “grafting from” approach proved to be a very powerful tool for the 
synthesis of molecular bottle brushes. If compared to the “grafting to” method, it 
may allow less control over the side chain length, but it is easy enough to 
conduct, and it enables the preparation of molecular brushes with a high grafting 
density of the polymer. It was proven by comparing molecular bottle brush 
volumes obtained by the “grafting to” and the “grafting from” approaches using 
one macroinitiator. The grafting density, in turn, makes the brushes thick enough 
that they can easily be observed and investigated not only with AFM, but with 
CryoTEM as well. 
Moreover it was found that macrointiator in the “click chemistry” approach 
can be used not only in “grafting to” procedure but also in “grafting from” method. 
It allows combining these two approaches and extending the range of the brush 
architectures, which could be obtained from the one macroinitiator. It also 
provides easy contriving, planning and synthesizing a big variety of molecular 
bottle brush molecules, without any other preparation steps. 
 
4.2. Polyelectrolyte complexes made of molecular bottle 
brushes 
 
4.2.1. Introduction 
 
The electrostatic interactions between oppositely charged macromolecules 
result in a spontaneous and rapid formation of interpolyelectrolyte complexes 
(IPECs) 113, 114. They have been subjects of intensive experimental and 
theoretical studies for the past 40 years, partly due to their use in a wide range of 
applications. Some of the first applications of IPECs were as flocculants 115 and 
binders; 116 they were used for water purification 117, 118 and as soil stabilizers. 
Their ability to react with and encapsulate colloidal particles (dust) was used to 
minimize the consequences of the Chernobyl disaster. Nowadays, IPECs are 
also used in rapidly advancing areas such as gene therapy and drug delivery, 119 
protein separation 120, and microencapsulation 121. Formation of a complex can 
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take place between polyacids and polybases, but also between their neutralized 
metal and halogenide salts. For free polyelectrolyte chains the low molecular 
counterions are localized in the vicinity of the macroions due to counterion 
condensation. The driving force of the process is mainly an increase in the 
entropy due to the release of low-molecular counterions in the solution 113. PEC 
formation leads to quite different structures, depending on the characteristics of 
the components used and the external conditions of the reaction. As borderline 
cases for the resulting structures of polyelectrolyte complexes two models are 
discussed in the literature (Fig. 63) 122: 
– the ladder-like structure, where complex formation takes place at the 
molecular level via conformational adaptation (zip mechanism), 
– and the scrambled egg model, where a high number of chains is 
incorporated into a particle. 
 
Fig. 63. Formation of ladder-like and scrambled egg morphologies of the PEC 
complex. 
Simulations of the PEC structure regarding the stiffness of the polymer chain 
123, 124 also demonstrate competence of these two models (Fig. 64). They show 
several configurations obtained from simulations with different stiffness values of 
the long chain (red one) combined with the short flexible chains (blue ones). Each 
panel corresponds to a single trajectory. Panel a shows three characteristic 
structures formed by a fully flexible long chain complexed with shorter chains. 
The final complex structures present a globular shape. When the long chain 
stiffness is increased, the structures are no longer globular (Fig. 64a) and 
become more stretched, yielding pseudotoroidal shapes (Fig. 64b). With a larger 
bending constant, the presence of toroidal structures becomes evident (Fig. 64 
c). When extreme rigidity is reached, elongated structures with the shape of rigid 
rods are formed (Fig. 64d), but different from those obtained in the previous 
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panel. While the latter are obtained by roughly folding the chain in half, yielding 
an U shaped structure, in the former case the chain is fully extended. 
 
Fig. 64. Configuration of PECs obtained from simulations. Bending constant 
increases from a to d 123. 
Historically, polymers and polymer complexes have been mainly studied by 
scattering techniques 122, 125, 126, 127, turbidity measurements 127, zeta-potential 
measurements, and potentiometric titration 126. These methods, albeit very 
informative in terms of determination of the physical and chemical properties of 
IPECs, are unable to provide a picture of their morphology. With the invention of 
the atomic force microscope (AFM) scientists finally had a chance to take a look 
at the structure of IPECs. Nowadays, AFMs are frequently used to study the 
morphology and the composition of IPECs 128, 129, 130. Although, there are some 
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disadvantages in this technique: samples (IPECs) have to be adsorbed on a flat 
surface and only dry samples can be measured. This means that the initial 
morphology of the PECs is most probably lost or at least distorted during sample 
preparation. Another suitable imaging technique would be electron microscopy 
(EM) but despite the rapid progress in both scanning and transmission EM, 
imaging of a single linear polymer chain has not yet been reported. On the other 
hand, polymer bottle brushes, a type of high molecular weight graft polymers with 
very dense and regularly spaced side chains, are significantly larger than linear 
polymers and can be viewed using SEM, TEM 17, and even CryoTEM 18. They 
possess an interesting worm-like structure due to the high steric crowding of side 
chains 19. Their non-spherical macromolecular geometries and lengths up to a 
few hundred nanometers afforded numerous potential applications in 
nanoscience, such as molecular actuators 131, templates for inorganic particles 5, 
82, 83, and precursors for nanocapsules 132, nanotubes 133, and other carbon 
nanostructures 51. In this work we use the visibility of bottle brushes and report a 
study of IPECs formed by oppositely charged polymer bottle brushes with AFM 
and CryoTEM. 
 
4.2.2. Results and discussion 
 
Preparation of PECs was done by mixing long pAA_400 brushes (stained 
with Cs+ ions) with short pTMAEMA_100 brushes in a 1:1 molar ratio. To avoid 
the formation of a precipitate, strongly diluted stock solutions of the polymers 
were used (0.01 mg/ml of pAA and 0.04 mg/ml of pTMAEMA). As mentioned 
above, bottle brushes are large enough to allow for individual chains to be viewed 
by both AFM and TEM. AFM images show that PECs have a “fried egg”-like 
structure on the surface of a substrate. The shallow periphery with an average 
height of h = 2 nm comprises short extended pTMAEMA chains and the central 
elevated part (h = 4–6 nm) consists of a single long pAA chain surrounded by 
pTMAEMA. It was impossible to distinguish between pAA and pTMAEMA 
brushes from most of the AFM images, most probably because the pAA chains 
were densely covered by pTMAEMA chains. However, one could observe pAA 
chains in some of the complexes as a chain-like elevated central part (Fig. 65c). 
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Short pTMAEMA chains, which are closest to the central pAA chain, are not 
oriented parallel to the long pAA chain, but cross it – the micelles have a 
“scrambled-egg”, not “ladder-like”, morphology (Fig. 65c). Moreover, AFM 
investigations confirm that the PEC micelles have a core, formed by pAA and 
pTMAEMA chains, which neutralizes their charge, and a hydrophilic shell formed 
by freely dangling parts of pTMAEMA chains 134. It is very difficult to precisely 
count the number of polymer chains in one complex by considering AFM images. 
A very rough estimation based on AFM images, however, gives a number varying 
in the range between 10 and 100 chains per complex.  
 
Fig. 65. AFM images of pTMAEMA-pAA PEC. 
The morphology of bottle brush PECs in solution was investigated using 
CryoTEM (Fig. 66). Entangled brushes could be observed but, however, it was 
impossible to distinguish between pAA and pTMAEMA solely based on the 
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images. Still, the structure of the complexes looks different compared to the 
“scrambled-egg” morphology observed with AFM.  
 
Fig. 66. CryoTEM images of pTMAEMA-pAA PECs. Scale bar is 100 nm. 
On the CryoTEM images, separate formations of long chains with short ones 
dangling from their sides or multiple long chains connected together via short 
chains can be seen. It is assumed that these agglomerates more closely 
represent the morphology of PECs than the “scrambled-egg” structures, 
observed by AFM, and that the “scrambled-egg” formations are a result of the 
drying of these agglomerates on the substrate surface. Second, in contrast to the 
CryoTEM observation of individual brushes, which appear dark on the lighter 
background (Fig. 3b, d and f), PECs appear lighter compared to the darker 
background. To explain this difference we considered the processes, which occur 
when two polyelectrolytes are mixed. In fact, the reaction of a PEC formation can 
be described by the following equation: 
(𝑝𝑜𝑙𝑦𝐴−𝑐+)𝑛 + (𝑝𝑜𝑙𝑦𝐶
+𝑎−)𝑚 ⇔ (𝑝𝑜𝑙𝑦𝐴
−𝑝𝑜𝑙𝑦𝐶+)𝑥 + 
+(𝑝𝑜𝑙𝑦𝐴−𝑐+)𝑛−𝑥 + (𝑝𝑜𝑙𝑦𝐶
+𝑎−)𝑛−𝑥 + 𝑥𝑐
+ + 𝑥𝑎− 
where A- and C+ are the charged groups of the polyelectrolytes, a- and c+ – 
counterions, n and m – the number of anionic and cationic groups in solution, n/m 
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or m/n = x is the molar mixing ratio. The formation of a PEC is accompanied by 
the release of the counterions of the polymers in the solution, in our case – Cs+ 
and I- The presence of heavy ions in the solution and their lack in the polymer 
chains results in a negative contrast of the images, i.e. bright polymer chains on a 
dark background (Fig. 66). 
 
4.2.3. Conclusions 
 
The complexation of oppositely charged bottle polymer brushes at a single-
molecule level using AFM and CryoTEM was experimentally investigated. It was 
found that polyelectrolyte complexes have a “scrambled-egg” morphology where 
oppositely charged polymer chains are not oriented parallel to each other but 
cross each other. The structure of the PECs was in agreement with the 
simulations, where the long chains with different stiffness values were combined 
with the short flexible chains and the globular shape was formed. According to 
that, the pTMAEMA long chains demand an increasing of the side chain length in 
order to obtain more stretched structures such as rigid rods. 
Moreover, it was observed that polymer chains in PEC appear lighter 
compared to the background that is in contrast to darker polymer chains of the 
individual components. It is believed that the reason for this effect is the release 
of the counterions of the polymer brushes due to neutralisation of the charged 
side groups of the polymer chains. 
The experiment has shown that polymer bottle bushes, due to their size 
allowing their visibility on different microscopes, are the perfect object of 
investigation for studying structure and morphology of PECs. 
 
4.3. Conductive molecular bottle brushes 
 
4.3.1. Introduction 
 
There has been growing interest in the past decade in one-dimensional (1D) 
nanostructures, such as nanowires, nanotubes or nanorods, owing to their size-
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dependent optical and electronic properties and their potential application as 
building blocks, interconnects, and functional components for assembling 
nanodevices 1, 135. Significant progress has been made; however, strict control of 
the distinctive geometry at extremely small size for 1D structures remains a great 
challenge in this field. The anisotropic nature of cylindrical polymer brushes has 
been applied to template 1D nanostructured materials, such as metal, 
semiconductor or magnetic nanowires 3, 5, 82, 83. Here, by synthesizing conductive 
molecular bottle brushes, it is important to estimate the conductivity of one single 
brush. This information can be very helpful in the utilization of brushes as building 
blocks in conductive networks and contact pads made of single molecules. In this 
work, three different ways of conductive molecular bottle brush preparation were 
used (Fig. 67). 
 
Fig. 67. Three ways of conductive molecular bottle brush synthesis. 
The first method was based on using conductive polyelectrolyte complexes 
made of molecular bottle brushes. It was believed that brushes are rigid enough 
that by mixing them with a conductive polyelectrolyte polymer they will form rod-
like conductive structures (Fig. 64 d). The second method was based on a 
synthesis of pAN molecular bottle brushes with further stabilization and 
carbonization of the side chains in order to obtain carbon nanorods. The last 
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method was based on covering of the molecular bottle brush with metal which will 
provide conductive ability to the brush. 
 
4.3.2. Molecular bottle brushes based on pAN 
 
Polyacrylonitrile (pAN) is a very well-known polymer, which can be used for 
the preparation of conductive carbon structures. By applying high temperatures it 
tends to convert into increasingly graphitic carbon, which has conductive 
properties. Before pyrolysis it is necessary to stabilize the polymer by thermal 
treatment (heating in the presence of air to 230oC). It is a process well-known in 
the field of carbon fibers 136, which causes the pAN precursor to form cyclic, 
ladder, and eventually crosslinked species (Fig. 68). 
N N N N N N N NH
I. Intramolecular cyclization
N
NN
NN
N
NN
N
N
NN
II. Intermolecular cyclization  
Fig. 68. Scheme of pAN cyclization upon heating. 
The pyrolysis then turns it into current-conductive graphitic carbon leaving the 
shape of the polymer as it was in the crosslinked state. Here, the idea is to 
prepare a cylindrical bottle brush with pAN side chains in order to convert it into 
graphitic carbon nanorods, which could be useful in the preparation of conductive 
nanowires. 
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Experimental part 
 
pAN brush. In a 10 ml test tube acrylonitrile (AN) (2 ml, 47 mmol), anhydrous 
DMSO (2ml), copper(II) bromide (32 μl of a 0.1M solution in DMF), N,N,N’,N’’,N’’-
pentamethyldiethylenetriamine (32 μl of a 0.5M solution in DMF), pBiBEMA (5 
mg, 0.018 mmol, was taken from previous experiments) and ascorbic acid (50 μl 
of a 1M solution in DMF) were mixed. The test tube was placed in a 
thermostatted oil bath at 60 oC. After 60 min the reaction was stopped by cooling 
to room temperature and opening the test tube. The resultant mixture was diluted 
with DFM, passed through basic Al2O3 and precipitated in ethanol. The obtained 
polymer was dried in a vacuum oven at room temperature (0.9 g, yield 45%). 
 
Results and discussion 
 
pAN molecular bottle brushes were synthesized by the “grafting from” 
procedure using pBiBEMA (Mn = 576000 g/mol with PDI = 1.69) as an initiator. 
According to the scheme (Fig. 69), the ATRP reaction was conducted with an AN 
monomer in order to synthesize pAN side chains (yield 10%). 
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Fig. 69. Scheme of the pAN bottle brush synthesis. 
The resulted polymer was purified by flash chromatography and dried under 
vacuum. Afterwards, the obtained pAN brushes were diluted with DMF, 
spincoated on a freshly cleaved mica sheet and viewed by AFM (Fig. 70). It was 
found that pAN brushes form interesting structures which resemble meshes on 
the surface of the mica sheets. The height of the mesh thread measured by AFM 
was around 8 – 10 nm. It was discovered, however, that the thickness of the 
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threads can be varied by varying the timing of the polymerization procedure. The 
maximum achieved heights were around 30 nm after 2 hours of polymerization. 
The structure and the morphology of the mesh in all cases remain the same. 
 
 
Fig. 70. AFM pictures of pAN agglomerates. 
The mesh was most probably formed either during the polymerization 
process or in the solution before the spincoating procedure. But it was still noted 
that, upon decreasing the spincoated solution concentration, the peaces of 
meshes become smaller, whereas in more concentrated solutions one can 
observe almost full covering of the mica sheets with pAN (Fig. 71). Nevertheless, 
the reduction of the mesh pieces upon a dilution of the spincoated solution 
doesn’t lead to a molecular bottle brush as a single unit of the mesh. However, 
they can still be found in between the aggregates, although their ammount is 
relatively small (Fig. 71). The thickness of the found brushes was 1.8 nm, which 
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allows to calculate the volume (the length of the brush was estimated to be 200 
nm in order to compare with the brushes synthesized before):  
𝑉 = 𝑆𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑙 = 20 𝑛𝑚
2 × 200 𝑛𝑚 = 4000 𝑛𝑚3 
 
Fig. 71. pAN molecular bottle brushes. 
Approximate value of AN units in one unit of the molecular bottle brush can 
be easily calculated knowing the yield of the reaction and the amount of 
macroinitiator used: 
𝑛 =
𝑚(𝑝𝐴𝑁) × 𝑀(𝑖𝑛𝑖𝑡)
𝑀(𝑝𝐴𝑁) × 𝑚(𝑖𝑛𝑖𝑡)
= 105 𝑢𝑛𝑖𝑡𝑠 
The obtained value can give the contour length of the side chain, when 
multiplied by the length of one unit (0.25 nm): 
𝑙𝑝 = 𝑛 × 𝑙𝑢𝑛𝑖𝑡 = 26 𝑛𝑚 
The aggregates were further subjected to thermal processing. Firstly, they 
were kept at 300oC overnight in order to crosslink the pAN side chains, and 
thereby to fix the structure. Next, the meshes were subjected to pyrolysis at 
800oC to turn them into graphitic carbon. In these experiments a silicon wafer 
was used as a substrate, because the mica sheet would not be able to withstand 
these extreme conditions.  
The observation and control over the experiment was carried out by using 
AFM by probing the same spot after each step of sample modification (Fig. 72). 
To implement this scheme, special marks on the wafer were made for a rough 
estimation of the area, where the aggregate was captured. Then a sequential 
series of images with different scales were collected by AFM (3 μm, 10 μm, 30 
μm), in order to find precisely the desired aggregate (Fig. 72). 
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Fig. 72. Scheme of the preparation and modification of the sample and capturing of 
the AFM images. 
As it was mentioned above, the height of pAN meshes can be varied by 
varying the timing of the polymerization procedure. Therefore, aggregates with a 
sufficiently big cross-sectional area (the height of the mesh threads was 30 nm) 
were synthesized for the experiment with crosslinking and pyrolysis, in order to 
visualize the process better. It is illustrated in the AFM pictures (Fig. 70) that after 
the crosslinking step the height of the aggregates reduced from 30 nm to 23 nm. 
It can be described by the formation of cyclic and ladder crosslinked pAN 
structures. Due to this chemical process the whole aggregate shrinks, which 
causes an overall drop in its height. 
After pyrolysis at 800 °C in an inert atmosphere, conversion of crosslinked 
pAN into graphitic carbon was expected. However, the AFM images (Fig. 73) 
showed, that the small carbon nanostructures were formed, unfortunately, with a 
total loss of the aggregate structure. All attempts to convert pAN containing 
aggregates into nanostructured carbon were unsuccessful. It was impossible to 
maintain original brush structure upon thermal treatment, without breaking the 
backbone chains. As a result, structures fragmented into individual nanoparticles, 
as shown in Fig. 73.  
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Fig. 73. AFM pictures of the pAN aggregate transformation after crosslinking 
procedure and pyrolysis. 
 
4.3.3. Polycation bottle brushes with a grafted conductive polymer 
 
As it was mentioned above, complexation of differently charged polymers 
leads to a formation of polyelectrolyte complexes of different morphologies. 
Experiments have shown that the morphology of complexes depends on the 
chain stiffness, where flexible polymers generally collapse into disordered 
globules, and stiff ones into ordered structures such as folded chains or rigid rods 
124, 137, 138, 139 (Fig. 74). Molecular bottle brushes, though, have a high grafting 
density of side chains along the backbone, which makes them semiflexible or 
even rigid. Thus, it is expected that by mixing polyelectrolyte bottle brushes with a 
conductive oppositely charged polymer, one can obtain rigid conductive 
nanorods.  
107 
 
 
Fig. 74. globule (A), folded chain (B), and core-shell (c) structures of PECs. 
Therefore, the goal was to make PECs consisting of molecular brushes and 
conductive polyanions in order to see if the stiffness of the brushes is enough to 
form conductive rod-like structures. 
 
Results and discussion 
 
To prepare rod-like PECs, PEDOT:PSS polymer was absorbed on 
pTMAEMA bottle brushes. Thus, it was expected that pTMAEMA will form the 
core of the PEC and PEDOT:PSS will be the shell of the structure. It was 
mentioned before that pTMAEMA is a positively charged polyelectrolyte brush, 
where the charge is provided by quaternized amino groups in the side chains of 
the brush. In this particular experiment the pTMAEMA brush with an average 
length of 300 nm and the thickness of 3.5 nm was used (Fig. 75). PEDOT:PSS, 
however, is a polymer mixture of two ionomers, where the one component is a 
negatively charged polystyrene sulfonate and the other is a positively charged 
conjugated poly(3,4-ethylenedioxythiophene). AFM pictures (Fig. 75) show the 
structure of PEDOT:PSS ionomer. It resembles a network consisting of many 
flexible polymer chains. In very diluted solutions it is possible to find and to 
measure the thickness of individual polymer chains. It was found to be around 2 
nm (Fig. 75). 
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Fig. 75. AFM picture and cross-section of pTMAEMA brushes (A,B); AFM pictures of 
PEDOT:PSS spincoated on mica sheet from a 1 mg/ml (D), 0.1 mg/ml (E) and 0.01 
mg/ml (F) solution; cross-section of PEDOT:PSS (C). 
Preparation of PECs was done by a dropwise addition of PEDOT:PSS into a 
solution of pTMAEMA brushes in water. Very diluted solutions of the polymers 
(0.01 mg/ml) were used, because it was necessary to avoid precipitation of 
PECs. The ratio between PEDOT:PSS and the polymer brush was varied in order 
to observe different steps of PEC formation (Fig. 76). AFM pictures show that 
with increasing the PEDOT:PSS amount the morphology of the PEC changes 
dramatically in the resulted solution. With the lack of PEDOT:PSS one can see 
PECs mostly consisting of molecular bottle brushes, where PEDOT:PSS plays 
the role of a “binder” (Fig. 76A, B), whereas in the opposite case pTMAEMA 
brushes are fully surrounded with big amounts of the ionomer  (Fig. 76). 
Fig. 76 A, B and C represent a general decrease in the average size of the 
PEC complexes with an increasing amount of PEDOT:PSS. Nevertheless, in all 
these cases the quantity of PEDOT:PSS is not enough to fully cover each single 
bottle brush, therefore, a lot of aggregates were formed. In Fig. 76 C, however, 
one can observe one single macromolecule covered with a PEDOT:PSS 
ionomer. This conclusion can be made from the height of the brush (~6 nm), 
which is 2 nm thicker than the ones on the Fig. 76 A and B or the one without any 
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PEDOT:PSS (Fig. 75 A). Considering the ionomer chain thickness (2 nm), 
determined before (Fig. 75 A), it was concluded that it is PEDOT:PSS on the 
surface of the pTMAEMA bottle brush.  
 
Fig. 76. PEC of PEDOT:PSS and pTMAEMA molecular brushes obtained with a 
different molar ratio. 
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The picture in Fig. 76 D represents the situation, where a lot of PEDOT:PSS 
was added to the solution of pTMAEMA bottle brushes. Therefore, one can 
observe single molecules fully covered with big amounts of ionomer. The 
important fact is that the brush height in this case (~7 nm) is practically similar to 
the one in Fig. 76 C. 
It unfortunately appeared that the conditions for obtaining molecular bottle 
brushes fully covered with another polymer are difficult to catch. Practically a lot 
of PECs with more than one brush inside are formed along with the formation of 
desired structures. Therefore, it turned out that the method is not suitable for the 
preparation of conductive rigid rod-like molecular bottle brushes. 
In addition, the adsorption of PEDOT:PSS on the surface of the pTMAEMA 
brushes was measured in order to estimate the conductivity of the brushes 
covered with conductive polymer in future.  
 
Fig. 77. AFM images of pTMAEMA brushes before and after treatment with a 
PEDOT:PSS solution. 
The experiment was carried out in the same way as it was described in the 
chapter “Molecular bottler brushes based on pAN”. The observation and control 
over the experiment was conducted by using AFM after each step of sample 
modification. Firstly, pTMAEMA brushes were spincoated on freshly cleaved mica 
sheets and afterwards the mica sheets were immersed in a diluted solution of 
PEDOT:PSS. AFM images represent the same molecular bottle brushes before 
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and after the treatment with the conductive polymer. It is seen from the figures 
that the thickness after modification process was increased for 2 nm, which 
corresponds to the thickness of the PEDOT:PSS chains. Moreover, after the 
treatment one can observe polymer chains of PEDOT:PSS connecting 
pTMAEMA brushes with each other. It all proves that single pTMAEMA molecular 
brushes on the surface are fully covered with conductive PEDOT:PSS.  
 
4.3.4. Polymer bottle brushes covered with metals 
 
As it was mentioned before, one-dimensional (1D) sequences of 
nanoparticles (nanowires) are important elements of nanotechnology because 
they provide interconnections between functional devices and can even be used 
as elementary units in optoelectronic devices. They are very attractive materials 
due to their unique optical 140, magnetic 141, and catalytic 142 properties. Several 
approaches have been developed to synthesize metallic nanowires, such as 
template synthesis 143, 144, 145, step-edge decoration 146, vapor-liquid-solid 
condensation 147, as well as several other wet chemical techniques based on the 
reduction of metals in the presence of protecting polymers or surfactants 143. 
Template-based methods involve deposition of metals into cylindrical pores of a 
host material, the so-called 1D nanotemplates, e.g., carbon nanotubes 148, rod-
like micelles 149, etc.  
Molecular bottle brushes have been successfully used as templates for the 
fabrication of metallic nanowires from single molecules 83. The synthesis was 
based on a two-step procedure that involves binding of metals (Pd or Ag) inside 
of the brush with copolymer side chains, followed by a chemical reduction of the 
metals, resulting in a conductive nanowire. It is, however, very difficult to estimate 
the conductivity of the brushes prepared in that way. Therefore, in this work the 
idea was to cover molecular bottle brushes with metal nanoparticles on a 
substrate and to measure their conductivity. 
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Results and discussion 
 
pTMAEMA brushes were spincoated on a freshly cleaved mica sheet from a 
very diluted aqueous solution (0.02 mg/ml). As it is seen from Fig. 78A, the 
polymer forms stretched worm-like structures due to the charged amino groups in 
most of the units of the bottle brush side chains. Then the mica sheets were 
immersed into a solution of H2PdCl4 (0.1 g/L of Pd(CH3COO)2 in HCl pH2) for 2 
hours to allow the PdCl4
2- ions to penetrate through the dense and charged side 
chains of the bottle brush. Afterwards the palladium chloride ions were reduced to 
metallic palladium by treatment with a dimethylamine borane solution (1 mg/ml). 
After each step of the modification process AFM pictures of the brushes were 
made (the procedure was described in the chapter “Molecular bottle brushes 
based on pAN”) in order to visualize the changes that molecular brushes undergo 
upon the treatment (Fig. 78).  
 
Fig. 78. AFM images of pTMAEMA bottle brushes (A, D), pTMAEMA bottle brushes 
covered with palladium (B) and molecular bottle brushes after oxygen plasma 
treatment (C, E). 
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AFM images show that after the procedure the thickness of the brushes 
increased twice from 2.5 nm to 6 nm. It means that palladium was successfully 
deposited on the surface of the brush (Fig. 78B). The mica sheet with the metal 
brushes was then exposed to oxygen plasma, in order to prove the metal nature 
of the new-formed layer, because the polymer will never survive this kind of 
procedure (Fig. 78E). Nevertheless, the brushes remained on the surface and 
their thickness didn’t change dramatically (difference in heights was 0.5 nm) (Fig. 
78C). Another interesting fact was that it became possible to observe the brushes 
with SEM, which gives another opportunity for their visualization and further 
treatment. It happened due to an increased thickness of the brushes (the 
resolution of SEM is about 4 nm) and because of a better metal contrast 
compared to the polymer (Fig. 79). 
 
Fig. 79. SEM images of the brushes covered with palladium. 
 
4.3.5. Conductivity measurements 
 
Conductivity measurements of the brushes are a very delicate and intricate 
procedure. Their size is very small and precise control over their positioning on 
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the surface is needed, especially between electrodes. It can become very 
troublesome.  
It was found in the literature that there is a method to place nanowires in 
between two electrodes 13, 14. The authors used special chips with golden micro-
electrodes at a distance of 1 μm. They dip-coated their nanowires from solution to 
the surface of the chip and hoped that one of the wires will be placed exactly in 
between of the electrodes. 
In this work, brushes with the length of 300 nm were used, which made it 
even more complicated, because they were much smaller than it was in the 
experiment. Therefore, it was decided to use FIB to cut out the desired gaps from 
the whole metal piece in order to fabricate two electrodes (Fig. 80). The minimum 
width a FIB could provide was about 100 nm. It looked relatively sufficient for the 
300 nm molecular bottle brushes. In Fig. 80A and B light microscope and SEM 
images of the chip are illustrated. This chip was used for further experiments. The 
grooves of the length around 100 nm were cut on each golden line using the FIB 
(Fig. 80C and D). 
 
Fig. 80. Light microscope (A) and SEM (B) images of the chips; golden pads cut with 
FIB (C,D). 
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Spincoating of a highly diluted solution of pTMAEMA was used to bring the 
brushes to the surface of the chips. Concentrations of the solutions were 
increased progressively to increase the probability of one single brush to connect 
two electrodes (Fig. 81 A, B and C). Unfortunately, cuts created with the FIB were 
very deep. AFM showed the distance from the bottom to the surface of around 60 
- 90 nm, depending on the place of the groove (Fig. 81 D and E). Thus, no 
brushes could be observed in between two electrodes or on the bottom of the 
gap. Thereby, two findings were made: length of the brushes should be increased 
at least twice, and the spacing between the electrodes has to be made by some 
other technique. 
 
Fig. 81. AFM image of pTMAEMA brushes around the FIB cut. Brushes were 
spincoated from a 0.01 mg/ml (A), 0.04 mg/ml (B) and 0.1 mg/ml (C) solution. 
A backbone for the long brush was successfully synthesized from HEMA-
TMS using ATRP. Its modification with the following “grafting to” procedure 
resulted in a pTMAEMA bottle brush. An approximate contour length of the brush 
(500 nm) was was calculated from the GPC analysis of the backbone (Mn = 
570000 g/mol and PDI = 2.3). AFM pictures of the obtained brushes represented 
that some really long brushes can be found, which are suitable for the measuring 
of conductivity (Fig. 82).  
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Fig. 82. AFM pictures of long pTMAEMA bottle brushes. 
In this experiment new chips with a 500 nm distance between the electrodes 
were used (Fig. 83A). The newly-made bottle brushes were spincoated on the 
surface and covered with metal. We found that one of the brushes was adsorbed 
between the electrodes and it was believed that it touches them with its ends 
(Fig. 83B, C). Due to the resolution of the microscopes it was not clearly visible 
from AFM or SEM whether it does connect the electrodes or not. Therefore, 
conductivity measurements were carried, out and they showed that there is no 
current going through the circuit when applying voltage.  
 
Fig. 83. SEM image of a chip (A), SEM and AFM pictures of a brush between the 
electrodes (C, D). 
In the next approach we sputtered platinum with FIB to both ends of the 
molecular bottle brush, which already laid on the surface of the chip. In this way 
the brush ends could be connected to the already existing golden electrodes. For 
this experiment 500 nm long brushes were used (Fig. 82). Fig. 84 represents 
SEM and AFM pictures of a brush which was chosen for the sputtering procedure 
and two electrodes that were made at the ends of it. 
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Fig. 84. A, B - SEM and AFM images of the pTMAEMA brush covered with palladium. 
C, D - the same brush between two sputtered electrodes. 
The sputtering procedure, however, has one shortcoming. Whenever the 
metal is sputtered on the surface, there is an area of deposited metal formed 
around this sputtered region which certainly increases the conductivity of the 
surface. Conductive measurements, that were done by using Peak Force TUNA 
AFM proved this assumption. AFM pictures in Fig. 85 represent that the area 
where the sputtering procedure took place is conductive as well. Surprisingly, in 
these pictures golden electrodes didn’t show any conductivity (Fig. 85). It 
happened, probably, due to an oxidation of the surface during either modification 
of the brushes, or preparation of chips for spincoating, when they were exposed 
to oxygen plasma. However, in general, the electrodes remained conductive. The 
oxidation process took place only on their surface which was checked by a 
simple measuring of their conductivity. It is also seen at the bottom of the picture 
that the gold surface was oxidized only partially because conductivity was 
observed on the border of the electrode. 
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Fig. 85. Pictures made by conductive AFM (peak force TUNA), the area near the 
sputtered electrodes. Height image – left; Current mage – right. 
To overcome the drawback of the approach two reference samples were 
prepared. The first one had a bridge, which was made by a sputtering procedure. 
It simply connected two golden electrodes together. The second one was 
practically the replication of the sample with the brush, except the fact that there 
was nothing in the area between the electrodes (Fig. 86). They were needed to 
exclude an error of measuring the sputtered metal conductivity.  
Electrical characterization of the specimens was performed on a Keithley 
device. According to the results, all three samples were conductive and showed a 
nice linear voltage-current dependency, although their resistances were different 
(Table 6). As it is seen from Fig. 86 and Table 6, the first sample showed the best 
conductivity (the lowest resistance of 855 KΩ), the second and the third had a 
difference of one degree (resistances of 606 MΩ for the gap and 48 MΩ for the 
brush). The resistance of one single brush was calculated from the graph. It was 
found to be ~50 MΩ.  
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Fig. 86. SEM images of the three specimens (bridge, gap, brush) and their voltage-
current dependencies. 
Table 6. Calculated resistances of the three specimens 
 
It is important to mention that the sputtering procedure didn’t affect 
significantly the determination of the molecular bottle brush conductivity, because 
the third specimen showed low conductivity. The cross-sectional area of the 
metal deposited on the brush was calculated from AFM pictures by comparison of 
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pTMAEMA brush thicknesses before and after the treatment with palladium (Fig. 
87). It was found to be ~ 70 nm2. Therefore, considering the length of the brush is 
around 300 nm, it was also possible to estimate the conductivity of one single 
brush (~0.9 S*cm-1) and its resistivity (~10-2 Ω*m). 
 
Fig. 87. A - pTMAEMA bottle brush; B - pTMAEMA brush covered with palladium; C - 
comparison of bottle brush cross-sections; D– bridge between two electrodes; E – 
cross-section of the bridge. 
Cross-section of the “bridge” reference sample was also calculated from AFM 
picture (10450 nm2) (Fig. 79). Considering the length of the bridge (~ 1450 nm) 
and its resistance (8,55*105 Ω), the resistivity of this part of the circuit was 
calculated, in order to compare the results with the conductivity of the brush. It 
was found that the resistivity (6*10-3 Ω*m) of the bridge is a little bit smaller than 
that for the molecular bottle brush (10-2 Ω*m). Nevertheless they are in the same 
order, which proves a pure metallic conductivity of the single molecule. 
Moreover the obtained conductivity values can be compared to the ones 
found in the literature, for instance the conductivity of the polypyrrol nanowires 
obtained in Dr. Kiriy group were 1 – 3 S*cm-1 14. It is practically the same value 
but in our case the object of investigation was much smaller. 
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4.3.6. Conclusions 
 
Using AN as a monomer for the preparation of molecular bottle brushes by 
the “grafting from” procedure, pAN aggregates were obtained. AFM images of 
these structures deposited on flat surfaces revealed a flattened network structure, 
the thickness of which can be controlled by varying the polymerization time of the 
side chains. Crosslinking and the following pyrolysis of these structures went not 
in the way it was expected, and resulted in a fragmentation of the structures with 
further destruction of the aggregates. 
Mixing of positively charged pTMAEMA molecular bottle brushes with 
PEDOT:PSS ionomer in solution leads to a formation of PECs of different 
morphologies. The structure of the PEC depends on the ratio in which the 
polymers were taken. Therefore, it possible to control the content of the brushes 
and PEDOT:PSS inside of the PECs by simply changing the mixing ratio of the 
polymers. Nevertheless, it was very troublesome to prepare separate brushes 
fully covered with PEDOT:PSS, because along with them a lot of PECs with other 
structures were present in the solution. The pTMAEMA brushes, however, could 
be easily covered with conductive PEDOT:PSS, when they are spincoated on a 
mica sheet.  
In addition, the AFM technique of determining the PEC morphology proved to 
be very useful and can provide a good understanding of the composition of 
PECs. It can further be used as a method for determining characteristic values of 
PECs and bring some new knowledge into the comprehension of interactions 
between polyelectrolytes. 
Covering the molecular bottle brushes with palladium ions and further 
reduction of the latter appeared to be the best technique for the preparation of 
conductive molecular bottle brushes. Along with it, a new route of conductivity 
measurements was developed. It was found that a simple sputtering procedure 
can be used for building a conductive circuit between an object of investigation 
and the electrodes. The only limitations of this approach are the size of the object 
(more than 500 nm in length) and its composition (it should be able to withstand 
an ion-beam sputtering procedure). Therefore, a direct current conductivity of one 
single molecular brush was measured. It was found that its resistivity equals 10-2 
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Ω*m, which can be compared to sputtered platinum reference sample (“bridge”) 
and the data about conductive nanowires, which were done in other groups.  
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5. Summary and conclusions 
The present thesis discusses the preparation, characterization, and 
applications of molecular bottle brushes. Since, each section of the thesis is 
summarized separately, this chapter helps to understand a connection between 
the different parts, gives a condensed insight into the results and reviews the 
most important considerations and analysis.  
First, new ways of molecular brush synthesis by using the “grafting to” 
approach were developed. It was found that the reaction of nucleophilic addition 
based on pentofluorophenol chemistry and a coupling “click chemistry” reaction 
can be used to fabricate molecular brushes. Both methods showed efficient 
results and demonstrated high reactivity of the backbone with the end groups of 
the side chains. The “click chemistry” approach, however, demonstrated better 
results considering higher thicknesses of the brushes and, therefore, higher 
grafting density of the side chains. The method showed its applicability for 
producing the so-called mixed bottle brushes, where different sorts of polymer 
chains are attached to the backbone. It was represented in an example of 
pNIPAM-ptBA mixed bottle brush. Moreover the backbone from this method can 
also be used as a macrointiator in the preparation of brushes by the “grafting 
from” approach. The “grafting to” together with the “grafting from” methods are 
very powerful synthetic tools, which can be used in the fabrication of any desired 
molecular bottle brush architectures.  
Second, complexation of oppositely charged bottle polymer brushes at a 
single-molecule level using AFM and CryoTEM was experimentally investigated. 
It was found that polyelectrolyte complexes have “scrambled-egg” morphology, 
where oppositely charged polymer chains are not oriented parallel to each other 
but cross each other (Fig. 88). Moreover, it was observed that polymer chains in 
PECs appear lighter on CryoTEM compared to the background, which is in 
contrast to darker polymer chains of the individual components (Fig. 88). It is 
believed that the reason for this effect is the release of the counterions of the 
polymer brushes due to neutralisation of the charged side groups of the polymer 
chains. 
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Fig. 88. Structure of a PEC: A – simulation 123; B – CryoTEM picture. 
Third, molecular bottle brushes were used as templates for the preparation of 
conductive nanowires. Three approaches for their fabrication were tested. It was 
found that brushes could easily be covered with various conductive materials, for 
example, conductive polymers or metals. Various techniques of measuring 
conductivity of the obtained brushes were experimentally investigated. It was 
showed that for very small, tiny objects as molecular bottle brushes, one can use 
FIB in order to build up electrodes at its ends. The electrodes could be sputtered 
with an accuracy of 500 nm and further be used in the determination of the 
conductivity. The molecular bottle brushes covered with palladium showed the 
resistance of 50 MΩ, which, regarding the size of the brush, corresponds to a 
conductivity of one single molecule being ~1 S*cm-1. The obtained conductivity 
data were in good correlation with the data found in literature. 
 
Fig. 89. Brush between two electrodes: model (left), SEM picture (right). 
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6. Outlook 
Further efforts should be focused on the molecular bottle brushes as they 
have high potential applicability for a building of complex conductive networks. 
For instance, block copolymer molecular bottle brushes could be of great help. 
Well-defined macromolecular brushes with AB and ABA “block-graft” 
architectures could be synthesized by ATRP using chain extension and “grafting 
from” methods.  
 
Fig. 90. Schematic representation of a molecular bottle brush with a block 
copolymer (ABA) backbone. 
The side blocks of these molecules can consist of polymers, which react with 
one another chemically or physically. This will allow a building of predefined 
networks or chainlike structures that consist of more than two molecules. They 
can also be assembled on a surface by a simple patterning of the latter and 
spreading of the molecular bottle brush solution around it. 
 
 
Fig. 91. Interaction between two differently charged molecular bottle brushes and of 
a molecular bottle brush with a surface. 
First steps have already been done in the Matyjaszewski group, where they 
synthesized pODMA-b-(pBPEM-g-pnBuA)-b-pODMA block bottle brushes 16. The 
pODMA segments tended to aggregate strongly due to van der Waals attraction 
and also due to crystallization of relatively long C18 chains (Fig. 92). It is 
important to note that the morphology of the formed structures can be varied by 
using different solvents during the preparation step. 
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Fig. 92. AFM micrograph of molecular bottle brush aggregation 16. 
The ability of changing and controlling the molecular brush organization on 
the surface, additionally with conductive properties of the macromolecules, can 
lead to the preparation of complex conductive networks, which in turn could be 
very useful in building microelectronic devices. 
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List of abbreviations 
AFM  Atom force microscopy  
AGET-ATRP  
Atom generated electron transfer atom transfer radical 
polymerization  
ATRP  Atom transfer radical polymerization  
BSE  Backscattered electrons  
DMF  Dimethylformamide  
FIB  Focused ion beam  
GPC  Gel-permeation chromatography  
IPEC interpolyelectrolite complex 
pAA  Poly(acrylic acid)  
pAN poly(acrylonitrile) 
pBiBEMA,  poly(bromo-isobutyrylethylmethacrylate) 
PC  Personal computer  
PDI polydispersity index 
pDMAEMA poly(dimethylaminoethylmethacrylate) 
PEC polyelectrolite complex 
PEDOT:PSS poly(3,4-ethylenedioxythiophene) with polystyrene sulfonate  
pHEMA poly(hydroxyethylmethacrylate) 
pHEMA-TMS 2-(Trimethylsilyloxy)ethyl methacrylate 
PMDTA  N,N,N',N'',N''-Pentamethyldiethylenetriamine  
pNIPAM  Poly(N-isopropylacrylamide)  
ptBA poly(tert-butylacrylate) 
pTMAEMA poly(trimethylaminoethylmethacrylate) iodine salt 
SC Side chain 
SE  Secondary electrons  
SEM  Scanning electron microscopy  
TEM Transmission electron microscopy  
THF  Tetrahydrofuran  
TGA  Thermogravimetric analysis  
UV  Ultraviolet  
WCL wormlike chain (model) 
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